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Introduction 


Plans have been made to reduce the level of insulation on the equipment 
used in 500 kV a.c. transmission lines to 2.5 UD: These plans are based 
on the use of appropriate arresters. 


In 1957 the All-Union Electrical Engineering Institute developed a 
“tervite’’** arrester for protection from internal surges which is known 
in the U.S.S.R. as the “commutation” arrester. It is quite capable of 
limiting internal surges to 2.5 U. and its quenching voltage is 1.6 U 
[1]. But it affords no protection against direct lightning strikes 
with current surges up to 10 kA. This has entailed the use of a special 
lightning arrester which was also developed at the Institute and which 
is known as the “vilite” lightning arrester (“Vilite’” is a Russian 
ceramic material which consists of SiC + clay and graphite, Translator), 
The operating resistors of this arrester have better non-linearity, but 
their current capacity is less and their quenching voltage is lower 
(1.3 U,) fa, 2h 


But the use of two types of valve arrester involved isolating the 
lightning arrester from the effects of internal surges and this posed 


* Electrichestvo, No.4, 13-20, 1961, 


*¢ Tervite is a special type of material used to make non-linear resistors 
(Translator). 149 
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very difficult technical problems, It was therefore decided to combine 
the functions of the separate “commutation” and “lightning” arresters 
in one combined magnetic rotating-arc arrester. This arrester was 
developed by the Institute* in 1958. 


The limitation of internal surges 


Internal overvoltages reach 3 to 4 U. under the various fault conditions 
which occur on 500 kV transmission lines under transient conditions. 

The arrester should restrict the surge to 2.5 Up or less and interrupt 
the current in the next half-period after its “free” (transient) com- 
ponent has decayed and the recovery voltage has dropped to the value of 
the quenching voltage of the arrester. 


The need to restrict internal surges to 2.5 U_ determines both the 
puncture voltage of the arrester and the residual voltage on its oper- 
ating resistance. The operating resistance of the arrester should be 
as large as possible since the current is then a minimum. This also 
means that the rupturing capacity of the sparkgaps need not satisfy 
such demanding conditions. 


Calculations [3, 4], experiments on model 500 kV lines and field 
tests on a 400 kV network [5] all point to the conclusion that the most 
probable load on an arrester under transient conditions is an oscil- 
latory decaying discharge lasting three half-periods**: 


Amplitude, A 


1, 500 
700-800 
250-350 


Half-periods Length of wave, msec 


But most research laboratories usually find one half-period of 
current at supply frequency and 1500 A the most convenient for tests, 
Experience has shown that this load is no less exacting than the 
recommended three half-period load 


Thus an arrester which is intended to limit internal surges must be 
able to carry the instantaneous flow of current of the recommended three 


et ee ne eee ee a ee 
* §.F. Erin, V.A. Filimonov, T.K. Ivanova and A.Ia. Sharlot took part in 
development work. 


** This conclusion has also been confirmed by research at the Direct current 
Research Institute, , 
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half-period oscillatory discharge or its equivalent at the supply 
frequency. The puncture and residual voltages of the arrester must not 
exceed 2.5 U. during internal surges, and the arc must be quenched for 
a sinusoidal recovery voltage of at least 1.6 U, at approx. 50 c/s. 
Since the arrester itself gives rise to transient phenomena on inter- 
rupting the current, the steady state voltage at the point where the 
arrester is installed must not exceed 1.4 to 1.5 Up 


The type of sparkgap in the internal surge arrester and 
their arc-quenching capacity 


The sparkgap is one of the main items in an arrester, Those in the 
arrester under consideration consist of a series of individual gaps. 
The arc-quenching capacity 7 of this particular “multiple-gap” design 
can be defined as the ratio of the puncture voltage Up jot to the 
quenching voltage U_ at which a specific current is reliably inter- 

' rupted at supply frequency. 


In multiple sparkgaps of conventional RVS-type “valve” arresters 
Younct 
the arc quenching capacity 7 = jj = 2.0 to 2.5 for a current of 
q 

100 A. This arc-quenching capacity is clearly inadequate for the 
sparkgaps of internal surge arresters. That of the Institute’s mag- 
netic spark gaps with a rotating arc is much higher. Currents up to 
250 A can be interrupted in the lightning arresters, whilst the punc- 
ture voltage is reduced to 2.5 U, [2]. Later investigations have shown 
that their arc-quenching capacity is still high even if currents of 
1000 to 1500 A flow through the gaps for 0.01 sec. But the individual 
magnetic spark gaps of the internal surge arrester have smaller air 
gaps between the electrodes than the lightning arrester and their punc- 
ture voltage is lower accordingly (3 to 4 kV 


max) * 


The sparkgap (Fig. 1) is an annular slot between two copper elec- 
trodes 1 and 2 which are arranged concentrically in the horizontal 
Plane. The electrodes are accomodated in a chamber formed by upper and 
- lower walls 3 and 4. Double walls are used for the chamber (pressed 
paper on the inside and micanite on the outside). The walls are 1.5 mm 
away from the electrodes which prevents them affecting the puncture 
voltage of the gap. The electrodes are 3 mm thick and their operating 
surface is polished and carefully de-greaged to facilitate the movement 
of the arc under the effect of the magnetic field produced by the per- 
manent ring magnets 5 and 6. 
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The gaps are connected together by means of the magnets, one magnet 
being set between each pair of snarkgaps, In this case the mm, f.’s of 
the magnets are summed and the induction in the gap is increased, The 
strength of the magnetic field in the air gap must be 700 to 800 oersted, 
Special auxiliary electrodes 7 and 8 are used to activate the sparkgap. 
In this way the impulse coefficient of an individual sparkgap in main- 
tained at 1.25 for a pre-discharge time of 0.1 usec, or 1.1 forl uw 
sec, The scatter (variation) of the puncture voltage has been reduced 
to a minimum at supply frequency. : 


Z 
Gal [Ese 
WT 


Fig. 1. An individual magnetic sparkgap. 
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Fig. 2. A set of sparkgaps: 


4 - Porcelain covering; 2 -sparkgap; 3 - mag- 
net; 4 - shunting resistance. 


\ 
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Four individual sparkgaps are arranged in a porcelain covering to 
form one sparkgap sub-unit (Fig. 2). Each such sub-unit is shunted by 
non-linear carborundum disk-resistors (a~ 0.35) to ensure a uniform 
distribution of the voltage over the sub-unit. The total conduction 
current of each sub-unit is 1200 p A at a voltage of 3600 V. Five sub- 
units and their disk-resistors are then assembled in a standard por- 
celain jacket to form the complete sparkgap unit. Thus a complete unit 


consists of twenty sparkgaps and the set of disk-resistors, 


The arc-quenching capacity of the arrester mainly depends on the 
properties of the individual sparkgaps. We will therefore consider 
their characteristics first. 


The arc-quenching properties of an individual sparkgap can be 
assessed quite conveniently in terms of “relative recovery strength” 
(the recovery strength calculated as a percentage of the puncture vol- 
tage). Fig. 3 shows the results of 100 measurements* of the relative 
recovery strength of an individual sparkgap after carrying a current of 
1500 A for one half-period at 50 c/s. The puncture voltage of the gap 
is 4 Vax: 


It must be borne in mind that the recovery strength of all the in- 
dividual gaps is not exactly the same and, as can be seen from Fig. 3, 
the results are quite scattered. A large number of tests are therefore 
always required before the lower envelope of the recovery strength can 
be determined, 


Fig. 3, The recovery strength of an individual magnetic 
sparkgap as a percentage of the puncture voltage. 


Some idea of the arc-quenching properties of the individual spark- 
gaps under different internal fault conditions was required. Tests 
were therefore made on the individual sparkgaps at the maximum puncture 
voltage 4kV using oscillatory decaying discharges of different ampli- 


* The method of measurement has already been described [2]. 
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tude and duration (see Table 1). 


TABLE 1 


Nuabatt Length of 
Loads as in is each Amplitude of the current 
Fig. 4 of \half-period,| in each half-period, kA 
half -perioc 


1.5; 0.8 

1.4; 0.8; 0.5; 0.3 
1.4; 0.9; 0.5 
1.5; 0.9; 0.5 


Ou f Oh 


The lower envelopes of the recovery strength in Fig. 4 were obtained i 
by measurements. The following conclusions can be drawn. 


An increased number of half-periods of a given duration in one 
oscillatory dischurge notably reduces the recovery strength. On the 
other hand, a decrease in the duration of the half-periods (below 10 pw 
sec) has the opposite effect and increases the recovery strength. From 
the point of view of recovery strength, loads 5 and 6 are “lighter” 
than the fundamental load 1. 


| 
| 
| 
: 


It therefore seems advisable to consider test load 5 for estimates of 
the recovery strength; this is also the most probable load in practice. 
On this basis the quenching voltage of the sparkgap is not unjustifiably 
reduced, as this could otherwise limit the field of application of the 
arrester, 


In multiple sparkgaps we also require to know the total recovery 
strength of all the individual gaps together, 


Given a uniform distribution of the voltage over the individual 
sparkgaps, one would expect the “absolute” recovery strength to in- 
crease in direct proportion to the number of sparkgaps with constant 
relative recovery strength, 


But the distribution of the voltage inside each sub-unit of four 
sparkgaps is capacitive and the capacitance of the individual sparkgaps 
is not the same. The puncture voltage of each sub-unit is therefore 
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about 5 to 10 per cent below the minimum total puncture voltage of the 
individual gaps, This naturally would not reduce the relative recovery 
strength if the voltage distribution over the individual gaps were the 
same after the passage of current as before the breakdown. But the 
sparkgaps are filled with highly ionized gases immediately after the 
current has passed through zero and the voltage distribution is markedly 
changed both by conductance and changes in capacitance*. 


The probability of low values of recovery strength must increase as 
more individual sparkgaps are joined together since the recovery voltage 
is applied simultaneously to a larger number of gaps and a premature 
breakdown of any one of them usually leads to a premature breakdown of 
them all. A reduced recovery strength in multiple sparkgaps must be 
accepted and estimates which are based on the test results of individual 
gaps even if a large number of tests have been made should be treated 
with caution. It is better to use the results of tests on sets of two 
gaps or on particular sub-units (four gaps together), 


For a final assessment of the arc-quenching capacity of the multiple 
sparkgap cf the arrester, the arc-quenching capacity of the complete 
units had to be checked by the usual service tests, 


Fig. 4. The recovery strength of an individual 
magnetic sparkgap under various loads. 


It can easily be shown analytically that when testing a finished 
unit under conditions equivalent to those existing in an actual arres- 
ter, it is essential to reduce the voltage of the system, the total 
resistance and the operating resistance of the arrester in proportion 
to any decrease in the number of sparkgaps, whereas the capacitances in 


* The capacitance of an individual sparkeap is about 50 pF and the capacitive- 
susceptance current is no more thah 5 MkA at supply frequency and the pre- 
puncture voltage. 
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parallel with the unit must be correspondingly increased, The short 
circuit current of the plant will then remain constant as well as the 
accompanying current (load current). 


Equivalent conditions were provided for the rupturing capacity tests 
carried out on finished units for 500 kV arresters, 


The principal results are given in Table 2, Each finished unit con- 
sists of five sub-units of four individual sparkgaps with a maximum 
puncture voltage of 3.4 kV (the 500 kV arresters are made of these 
sparkgaps). The puncture voltage of the finished units Upunct. fu was 
between 55 and 63 kV. The short-circuit current was between 1800 and 


3000 A for the “mean” variable e.m. f. in the various tests, 


TABLE 2 


Amplitude No. of Total number 
of inter- interrup- | of interrup- 

rupted tions in | tions in all 
current,A one cycle the cycles 


The load currents were controlled between 450 and 1200 A. In the 
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majority of the tests 7 was between 1.4 and 1.5, but in some series of 
tests it equalled 1.25 to 1.3. 


It must be pointed out that each complete unit was tested more than 
twenty times in almost every case, even though gaps with pressed paper 
laminations were only designed for up to twenty trials, 


It is of interest to compare the re-strike voltage of complete units 
as measured during the tests with the recovery strength of sets of two 
gaps under identical loads (Fig. 5). 


f 2 3 4 5 6 7m sec 


Fig. 5. The recovery strength of the magnetic 
sparkgaps and units in the combined arrester at 
a load of 1000 A with He = 800 oersted: 


0 —a set of mee sparkgaps Ununct = 6.8 EV axe 
X = complete unit (20 sparkgaps, Upunct. fu = 55 
to 64 RV ay ); 1, 2, 3 — sinusoidal recovery 


voltages with amplitudes respectively 0.8, 0.75 
and 0.7 of the puncture voltage of the unit. 


This comparison shows that the lowest and least probable re-strike 
voltage in complete units is 15 to 20 per cent below the recovery 
strength of sets of two gaps for the lowest sinusoidal recovery voltage 


eae = 0.7 U,, 


r unct* 


This decrease in the re-strike voltage is probably due to the ageing 
of the individual sparkgaps and the possible reduction in the overall 
recovery strength of the sparkgaps in the complete unit, - 


The conclusion to be drawn from these results is that a load current 
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of about 1000 A is quite acceptable for 7 = 1.4 to 1.5 if the number of 
trial discharges is twenty or less and there is then every probability 
of faultless clearance. Incidentally, these tests were made for more 
exacting conditions than occur in actual service since the operating 
resistance of the arrester had to be greatly reduced in order to obtain 
a current of 1000 to 1300 A at a source voltage equal to quenching 
voltage of the complete unit. The current through the unit is in point 
of fact about 500 A at the quenching voltage and only reaches 1000 to 
1500 A in the transition period when the voltage across the unit is 
slightly greater than the quenching voltage. 


The operating resistance in the 
internal surge arrester 


There is no need to discuss the well-known merits of non-linear 
resistors. It need only be pointed out that the “vilite” disk- 
resistor or 150 mm diameter used in the 500 kV lightning arrester was 
unsuitable for the internal surge arrester because at least five such 
disks would have been required in parallel. ‘“Vilite’” (i.e. the com- 
pound of SiC, clay and graphite) will only operate at low current den- 
sities and its non-linearity coefficient is only about 0.3 in the range 
of currents produced by internal voltage surges. 


A new non-linear material called “tervite’’ was therefore specially 
developed for internal surge arresters. This material has several 
times more current capacity than vilite [6]. But the coefficient of 
non-linearity of tervite is somewhat inferior to that of vilite. The 
current capacity of both vilite and tervite increases with increasing 
conductivity of the material, but the non-linearity diminishes. 


The operating resistor in an internal surge arrester can either be 
made of disks 125 mm in diameter and 50 mm thick or disks 70 mm in 
diameter and 20 mm thick. The units using the latter are fitted with 
three parallel columns of disks, Fig. 6 illustrates the current 
capacity of an arrester as a function of the properties of disks with 
the maximum resistance possible for the type of arrester in question. 


The number of disks in the internal surge arrester depends on the 


residual voltage which must not exceed 2.5 Up for a current of 1500 A 
on a 10/20 psec surge. 


Curve 1 in Fig. 7 shows the voltampere characteristic of the inter- 


nal surge arrester, It must be borne in mind that the residual voltage — 


in an arrester with tervite resistors increases if the steepness of the | 
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current wavefront is reduced for a given current. As an example, the 
residual voltage increases by 3 per cent if the wavefront is reduced 
from 10 to 3 4 sec with a current of 10 kA, 


10 100 1000 10000 fk sec 


Fig. 6. The carrying capacity of “tervite” resistance 
in the combined 500 kV arrester after at least 20 dis- 
charges: 
7<10,000 psec — the length of an aperiodic wave of 
20/40 fz sec (up to the half-drop point); T >10,000 » 
sec — a periodic wave (frequency 50 c/s). 


The combination of the internal surge and 
lightning arresters 


It will be seen from curve 1 in Fig. 7 that the tervite resistor for 
internal surge protection cannot reduce the overvoltages due to direct 
lightning strokes to the required level since the calculated impulse 
current through the arrester is 10 kA. 


To permit the use of tervite disks in 500 kV arresters and still 
limit surges to 1260 kV at currents of 10 kA it would have been neces- 
sary to use a resistor which would satisfy curve 2. In actual fact the 
current through the arrester during internal surges is over 1.5 kA and 
this is unacceptable both as regards the carrying capacity of the resis- 
tor and the arc-quenching capacity of the sparkgaps. With direct light- 
ning strokes internal surges can be ignored and a quenching voltage 
- roughly equal to 1.3 U._ need only be considered. The surge current 
- (curve 3) does not then exceed 800 to 900 A and it can therefore be 
interrupted quite easily by the sparkgaps. All these considerations 
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led to the design of the “combined” arrester which protects against 
internal surges as well as direct lightning strokes. 


100 200 300 400 600 800 1000 £000 30004000 6000 A wax 


Fig. 7. The voltampere characteristics of the 
combined 500 kV discharger: 

4 - internal surge arrester; 1, 2, 3 (sic) - 
— lightning arrester; 4 — shunted part of ar- 


rester; [ — puncture voltage of the 


‘punct. ad 
additional sparkgap. 


The “combined”? arrester uses the same internal surge arrester, 
except that a part of its operating resistance is shunted by an 
additional multiple-sparkgap unit which is composed of individual ro— 
tating arc sparkgaps (Fig. 8). The puncture voltage of the shunt 
sparkgaps is selected so that their breakdown takes place at the moment 
when the voltage across all the operating resistance reaches the 
impulse level of protection (1260 kV). The part of this resistance 
which is shunted is designed to prevent the voltage across the rest of 
the resistance exceeding 1260 kV at a current of 10 kA (curve 2, Fig. 7).. 
The voltampere characteristic of the shunted part of the resistance is 
represented by curve 4 in Fig. 7. 


During internal surges when the current through the arrester does 
not exceed 2 kA, the arrester operates like an internal surge arrester 
and there is no breakdown of the shunt gap. 


After a direct lightning stroke when the current increases to 10 kA, 3 
there is first a breakdown of the main sparkgap, but the current con- 
tinues to flow through the operating resistance until the voltage across 
it reaches 1260 kV. As shown in Fig. 7, this takes place at a current 


twa 
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in excess of 2 kA, At this point there is a breakdown of the additional 
_ Sparkgap and if the current increases further the voltage across the 

‘arrester is determined by the other remaining part of the operating 
resistance (curve 2 in Fig.7). 


The size of the combined arrester is practically the same as the 
internal surge arrester and there is very little difference in cost. 


Line 


Fig. 8. Side view (a) and main circuit (b) of 
the combined 500 kV magnetic arrester. 
1 - main sparkgaps; 2 - resistances of the in- 
ternal surge arrester; 3 - additional (shunt- 
ing) sparkgaps; 4 - the resistance in the light- 
ning part of the arrester. 


Before the final characteristics and parameters of the combined 
arrester could be determined it was necessary to make certain that the 
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following conditions would be fulfilled: 


Impulse puncture and residual voltage .. .. «.. «+ «+ 1260 kV 
Amplitude of current in internal surges Bete ate ot < 2.5 Ue 
Puncture voltage during internal surges ifn a ch dean Beka 2D U, 


Residual voltage at a current of 10 kA and a wave of 
10/20 w sec Se ee Pa ee te Oe 1260 kV 


Conditions 2 and 3 determine the number of disks in the operating 
resistance. Condition 5 defines the proportion of shunt disks in the 
operating resistance (in our case, 39.6% of the total operating resis- 
tance). 


It is also necessary to prevent the breakdown of the shunt sparkgaps 


when the arrester is dealing with an internal surge because at this 
moment a voltage amounting to 39.6% of the total breakdown (puncture) 
voltage can be applied to the shunted part of the operating resistance 
and this can immediately be followed by a similar proportion of the 
residual voltage at 1.5 kA. It is calculated that this condition can 
be satisfied by a 5 per cent margin given an impulse coefficient of the 
shunt sparkgaps equal to one (experimentally determined) and a 5 per 
cent scatter in the puncture voltages of the gap. It is obvious that 


the changeover after a direct lightning stroke will then take place with | 


a voltage across the arrester which is no greater in amplitude than 


____ 1,05-(1 + 0,05) 23 ‘sf 
Y Soa 2.0U , = 2.9U , = 1:250. kV 


as required by condition 1. 


The non-shunted part of the operating resistance in the combined 
arrester (60.4%) satisfies the fifth condition by ensuring a residual 


voltage no greater than 1220 kV at a current of 10 kA with a wavefront 
of 10 mw sec. 


The quenching voltage of the combined arrester must be such that the 
puncture voltage of the discharger does not exceed 2.5 U (fourth con- 


m/l 


dition). Given a scatter of + 7 per cent, the mean puncture voltage is 


Upunct.av = (2.34 = 0,16) U, =(710 + 50) V2 wv... 
Taking the arc quenching capacity 7 as 1.46 from test results, we get 


Y“punct.av 2,34U p 


eq? edo eae eee 
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Design of the combined discharger 


A side view of the combined arrester is shown in Fig. 8(a). It con- 
sists of 27 complete units. These are “spirally” mounted on three 
pillars of KO-400S, KO-35 and KO-15 type isolators. The arrester is 
divided into three sections (stories) by triangular metal frames. The 
bottom section contains 10 units, five with resistors and five with 
sparkgaps, Each unit with resistors is shunted by its ow sparkgap 
unit, Every unit with a resistor is composed of three parallel columns 
with 55 disks in each column. Every sparkgap unit consists of 32 
individual sparkgaps. The top two sections contain 17 complete units 
all of the same type. Each of these units comprises 20 sparkgaps and 
three parallel columns with 25 or 26 disk resistors in each column (the 
lightning part of the combined arrester). A ring 4.8 m in diameter is 
provided to balance the voltage distribution in the presence of impulse 
phenomena. The arrester is 8.5 m high and weighs about 9 tons, 


Laboratory tests and electrical characteristics 


The main characteristics of the arrester were improved as a result 
of tests on the individual units and the arrester as a whole. The 
puncture voltage of 17 complete units each composed of individual gaps 
with a puncture voltage of 3.3 to 3.44 kV was between 60 and 63.5 kV 
(mean values). 


The maximum deviation about the mean puncture voltage was up to +7 
“per cent on some units. Measurement of the volt-second characteristics 
showed that the impulse coefficient of the cemplete units was 1.1 for 
pre-discharge times > 4 sec, 0.9 for 1.5 wsec and 1.13 for 1 pw sec. 
Thermal tests on the finished units under a sustained voltage equal to 


525 
Y 3.17 


arrester showed that the temperature rise on the surface of the shunt 
resistance was no more than 18 to 20°C above ambient air temperature, 


= 17.8 kV and a corresponding phase voltage across the whole 


Rupturing capacity tests showed that the quenching voltage of the 
arrester can be based on a coefficient of arc quenching capacity 7 = 
= 1.46 and if the mean puncture voltage of the arrester equals 2.44 Uns 

it is estimated by the quantity 1.6 U,: 


The puncture voltage of the arrester was measured on a laboratory 
‘model without the bottom section (i.e. without the additional units 
With the disks and the sparkgaps to shunt them). 
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Tue mean amplitude of the puncture voltage is 1030 kV + 2.5 per cent 
at supply frequency. 


The volt-second characteristic of the arrester is shown ine Fieve 9 
for discharges on the front of wedge-shaped waves. 


0 2 4 6 8 10 12 14 16 1 20 22 2% msec 


Fig. 9. The impulse puncture voltages of the 
combined 500 kV arrester with a wedge-shaped 
wave. 

o — negative polarity; e — positive polarity. 


The impulse puncture voltage is 800 kV for a pre-discharge time 
greater than 5 # sec, up to 700 kV for 1 yw sec, but falls to 550 kV 
for a pre-discharge time of 2 to 3 #@ sec. 


The main electrical characteristics are listed below: 


RavedmVOMa Cee Vin ik eccae mcpehe ss shy eaves ee ee 500 


Maximum sustained voltage applied to arrester is service, 
kV Se ci Be em Cee eee er bers Mere Gots Droro oe 304 
Quenching voltage, kV: 
after direct lightning strokes wis aly pete cnn ae ee 395 « 
for ‘internal suYges” Gr aa sc t= coe) ton ae 485\ 


Puncture voltage at supply frequency (+7% with 90 per cent 
probability), kV SR cette Pisa oe rtane ae  Oee, ea 7101 


Impulse puncture voltage for pre-discharge times of 2 to 
20 persec,> KV .u9 adhd) See ead bic eae ee oe 1200! 


Residual voltage at impulse currents of 10 kA and 10/20 
}t/sec,' KV’ ~ «,..\ Sah Boa Se ees ea 1260 


The residual voltage passing a current of 1.5 kA for one 
half-period of Supply frequency tavieeee) eee ee 1070 


Protection from internal surges 165 


Residual instantaneous applied voltage on changing over to 
the discharge of a lightning stroke from the internal 
surge conditions, Vey Repel eC eee LE ME Ayr eer 1250 


Number of lightning or internal surge discharges withstood 
without damage Oe Samer gene tee e's Fase at least 20 


From test results it can therefore be stated that overvoltages in 


500 kV lines can be reduced to 2.5 U_ by using the combined arrester if 
the necessary conditions are fulfilled and certain other measures are 
taken. 


1. 


D2. 


3. 
4. 


Translated by O.M. Blunn 
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THE OPTIMUM OUTPUT OF INDUCTION MOTORS IN 
REACTOR-CONTROLLED DRIVES* 


V.L. ANKHIMIUK (Byelorussian Polytechnical Institute) and 
9.P. IL’ IN (Middle Asia Polytechnical Institute) 


(Received 15 August 1960) 


This paper describes a new method of designing induction motors for 
reactor-controlled drives [1-3] in which the power of the motor is 
selected in conjunction with the rated slip, as defined by the resis- 
tance of the rotor circuit. The rated slip is so calculated that maxi- 
mum use is made of the motor output over the desired range of speeds 
for a given load graph. Less power is required. If the initial speed 
of the motor and, consequently, the speed of the output shaft is reduced,, 
the speed can be increased by adjusting the ratio of the reduction 
gears. 


Fig. 1 shows the main circuits of typical electric drives. For the 
sake of simplicity feedbacks have been omitted and only one control 
winding (CW) is shown. 


In these systems the speed of the induction motor is changed by 
varying the slip. Additional losses therefore arise during speed 
control, The changes in the speed of the rotor also affect the cooling 
of the motor. 


| 


The power of the motor must therefore be calculated so as to obtain 
average losses and average heat dissipation, 


The total losses of an induction motor (in relative units) at rated 
voltage on the stator terminals are: 


Ap=(1-+k,)(ms-+yks |), q) 


* Elektrichestvo, 4, 39-42, 1961. 
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where Ap=— ~~~" — the ratio of total losses AP to rated output; 
- Mom 
Me sa and aS the rated torque and synchronous speed of the 
motor; 
ae ~ the ratio of the stator and rotor resistances; 
To 
m= — the relative torque on the motor shaft; 
non 
fron ~ the rated slip; 
AP 
= — the loss factor, equal to the ratio of constant 
Ponom losses to variable losses under rated motor con- 
ditions; 
v= — the relative speed of the motor, 


Fig. 1. Main circuits of induction motors in 
reactor-controlled drives 
(a — slipping motor; 6 — squirrel cage). 


Equation 1 is only an approximation since it is assumed that the 
constant losses are proportional to speed. In point of fact, the con- 
stant losses depend on the motor voltage as well as its speed. To 
calculate the constant losses in reactor-controlled drives it is there- 
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neni 


i 


fore necessary to divide these losses into those components which depend ~ 


on speed or voltage and then calculate the magnitude of the magnetizing - | 


current at the speed in question in the light of the non-linearity of 
the no load characteristic. But these are very complicated calcula- 
tions. Equation (i) is so much simpler and the error is still within 


five per cent. 


If a slipping motor is used, i.e. an induction motor with a wound 
rotor, the heating losses are ; 


ids (2) 
an, (1-+- 2) (mss +- VRS a” 


, 


where = —— is the ratio of the rotor resistance to the total 
Fo fe 


resistance of the rotor circuit (but in squirrel-cage motors o = 1). 

In speed control the required output of the motor depends on its 
initial speed. It will now be shown that the output of a motor is 
optimum at a particular initial speed, 


The range of speed control is 


jp en a Bee Eel (3) 


where ny and no are the initial and minimum speeds of the motor; and 
Uy and Us i= relative values of the initial and maximum speeds. 


Substituting in (2) the value of fo from 3 for = and the value of 


Vy : 
05 for Vo» we get: 


Di i 1 | 
Ap =(1-+2,) (me = +p ks, os (4) 


The relative heat dissipation of the motor can be expressed by the © 
equation 


ax act U— ay (5) 
a +(1—a,)V nol 


where a is the ratio of the heat dissipation at actual speed.to the 
heat dissipation at rated speed; 
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a, — the ratio of the heat dissipation with rotor locked to the heat 
‘dissipation at synchronous speed of the rotor, 


Expression (5) for the relationship between heat dissipation and 
speed gives practically the same results as those obtained by Suiskii’s 
formula [4] for model A and AO motors. The value of a, can be cal - 
culated from the formulae in Suiskii’s book [4]. A considerable amount 
of research has been devoted to the relationship between the coefficient 
of heat dissipation and the speed of the air [7,8] and this justifies 
the assumption that formula (5) is also applicable to other types of 
induction motors. 


For a motor to satisfy the heating conditions, it is necessary that 
A Ph av Sv 4Pnom (6) 


where AP ay is the relative mean heating loss in one cycle; 


je the mean relative heat dissipation; 


A?ace the relative rated losses of the motor. 
Using equations (4) to (6) and assuming that V a 
long period of operation: 


nna 1, fora 


__ *nom %>PD -++ (1 — ao) VD — 1 ; (TY 


LY Se (D—%,)(T=¥) 


e 
Beer Rk AP av, nom 


== a 
Tk OP 


In speed control when the torque is constant, 


noe 7-5) 
a Po aaa * (8) 


The coefficient ky in (8) takes into account the need to ensure a 
rigid mechanical characteristic by a system of feedback when operating 
at the initial speed. This coefficient should be 1 to 2 if s, > 0.005. 


Jointly solving equations (7) and (8), we get: 


_ © / (>) fad +0 — a) V Dy, — 19) 
m= AO ite re 
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Equation (9) permits the determination of the optimum output ofa 
wound rotor induction motor from the torque over the desired range of 
speeds, 


At the speed v the relative power is 
p=m. (10) 


The curves in Fig. 2 show the degree of power utilization and the 
maximum torque for given heating conditions as a function of initial 
speed. 


Fig. 2. Maximum torque and power of a phase 
induction motor as a function of initial speed 
under given heating conditions. 

p -— motor power; m —max torque; D — range 
of speed control. 


The rated slip is even more important in deciding upon the power of 
a squirrel-cage induction motor. To determine the effect of rated 
slip on its output, consider a “basic” squirrel-cage induction motor 
and assume that Prom, b’ nom: ©8 p be 7b» ky.» and Y¥, are given, where 
the subscript b refers to this basic squirrel cage motor. Replacing 
the rotor of this basic motor by a rotor with a different. resistance: 
pommel) 


& 


The change of rotor involves changes in the rated slip, its effi- 
ciency at rated torque, the rated output and the distribution of the 
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losses. In this case 


__ Snom.t AP oonom. b 
Sno aoe R, =F, ye; AP yon 6 : 
toe (1 + &,5) 


= (T= wd Fy + yed +e) * 
In relative units, the rated losses of the basic motor are: 


i= (1+ 4p) 


nom.b nom.b 1—y, °* (12) 


The total losses of this motor at the maximum speed Vo in relative 
units are: 


m (1 + kgs) (1 — ¥—)(D —%s) + § nom. btb(! + rb) ¥s (13) 


ca D(l—%) 


in this case equation (6) takes the form 


Ap==ahp (14) 


nom. b 


However, the initial speed v 1 is related to the torque m and the 
value of u by the equation 


e==—- — in. (15) 


Substituting (12), (13) and (15) in (14) and solving wret. am: 


Ma a ce 5 (16) 
where 
‘Som. {1 + 4,4) kskyg [40D + (1 — 4) VD = pl 


(17) 
(= 4) (D — + HE — 1p) 


C= 


By (16) it is possible to obtain the maximum load torque of a 
squirrel cage motor for given heating conditions. The relative power 
of this squirrel cage motor is defined by equation (10). 


Fig. 3 shows m and p as a function of v, for the squirrel-cage 
motor. 
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The efficiency and power factor of the drive can be calculated by 
Osokin’s [5] or Terekhov’s [6] formulae. Suppose it is required to 
compare variations in the energy indices of drives as a function of the > 
speed range and initial speed. To do this use is made of an energy 
coefficient 


ge, ee (18) 
*¢ eS fnom * anon’ ! 
where 7 is the efficiency and cos ¢ the power factor of the motor- 
reactor system. 


An expression is obtained for the energy coefficient at minimum 
speed by putting j = bro and I, ave” a ae ‘as and expressing the 
secondary currents in terms of the power and slip in the light of (8): 


ES ry l—y, 
fee Ynom V k,D(D —\,) » an 


Fig. 3. Maximum torque and power of a squirrel- 
cage induction motor as a function of initial 
Speed under given heating conditions. 


The values of b, bn on and ky can be found from an equivalent | 
T — network of the induction motor. 


Assuming that the phase angle between the currents in the magnetiz- 
ing branch and the operating circuit of the rotor is approximately 90°: 
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where 7 can es 
"9 in) 12 
Fae Oe y | 3 ay __ /onom 


= ——- — a4 bey og l —— 
0 ; - onom , 
Io Xo !9nom 


Neglecting the value of x5 in the rotor current equation compared 
with the first term in the radicand: 


, ‘ 
eae forte Snom _; Snom — ; Sy 
£9 = !onom 2 Ss ~~ “ONOM g¢5 Onomsk mm 
Considering 3, 
Va 
Onom 
7 ee ee (20) 


Dii—y,)F  * 
+2 1 

Vi 1+ Botte oy 
The energy coefficient is a maximum when 


yw DALY 9D*= 10D FI 
ar ST apy Earee er oe 


(21) 


This value has been obtained on the assumption that ky = const. 


This is quite permissible since there is no significant variation in ky 
in the region under consideration. 


The relative rated speed of the basic motor Y nom. b has to be sub- 
stituted for TRE in formula (19) for the squirrel-cage motor, 


Thus the following formulae can be used to assess the required out- 
put of 


(a) slipring motors 
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D+6 
Pom = Ps ux if D =(1.5t0d); 
ptecaes 2 eed, (22) 
nom ~ (2.1t01.2)D eh 
P Ps {2D 5; 


nom — (0,31t00.6024) D 
(b) squirrel-cage motors if D = 1.5 to 5: 


D+1,25 


Pa P. (os (23) 


where P is the static power on the motor shaft at the initial speed. 


Example 


This method will now be illustrated by applying it to the choice of 
motor for a large mill drive, 


1. Details of the AK-52-6 type slipring induction motor: 380 V, 
2.8 kW, 920 rev/min, 7 = 78%, cos @ = 0.74. According to reference . 
manuals c= 0.3, k = 1.36 and Y= 0.268. It is assumed that ky = 1.53 


Fig. 2 shows the maximum motor torque as calculated by equation 9 
for the given heating conditions as a function on, the initial speed for 
various ranges of speed control, 2. Curves are also given for the motor 
power p as a function of a Vy at maximuin speed. These curves define 
the degree of power utilization for speed control with constant torque. — 


It will be seen from Fig. 2 that the utilization of the motor power 
is a maximum (Pos) when the initial speed es 0.7t0 0.75 Fig 4 
shows how Pee varies with the range of speed control D. . This diagram 
also shows *nom, opt 224 &, max 25 functions of D. 
The optimum rated slip is 
Shom _!= opt 


& = == , 
hom. opt Font kM ont 


where v l. opt and * 1. opt are the initial speed and motor torque cor- 
responding to maximum power; 
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non 
opt = — a quantity which defines the resistance of the 
Snom. opt rotor circuit as required for the maximum utiliza- 
tion of the motor power. 
The term k, max is found from formula (19) for values of vy from 


(21). These values of vy coincide with V1 opt: 


Snom. opt, Prax, K. max, 


Fig. 4. Characteristics of a slipring induction 
motor in a reactor-controlled drive. 


Thus, for slipring motors the conditions of maximum utilization of 
motor power are practically the same as those under which the energy 
coefficient is a maximum. 


(2) Consider now an A51-6 type squirrel -cage induction motor of 
380 V, 2.8 kW and 950 rev/min with 7 = 82.5% and cos $= 0.78. 


It is presupposed that ay = 0.37 k. = 1.77, ¥Y = 0.317 and ky =1.5. 
Fig. 3 shows the torque m and power i as a function of the initial speed 
v, as calculated by formulae (16) and (10). 

Fig. 5 shows Snom, opt’ Pmax and k, as a function of the range of 
speed control D. The conditions under which the utilization of the 
power of a squirrel -cage motor is a maximum are not the same as those 
which maximize the energy coefficient. Septate curves are therefore 
shown in Fig. 5 for that value of k and k_ which correspond to 


e.max 
maximum utilization of motor power as a function of D. 


It will therefore be seen that 1.65 to 2.56 times less power is 
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required from a slipring motor than from a squirrel-cage motor over the © 
range D = 1.5 to 4 and that the energy coefficient of the slipring 
motor is greater by a factor of 1.33 to 1.54. 


Qt4 


Q10 


Fig. 5. Characteristics of a squirrel-cage 
induction motor in a reactor-controlled drive. 


Translated by O.M. Bluan 
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A METHOD OF REDUCING TRANSIENT 
PHENOMENA IN CIRCUITS WITH 
INDUCTANCE COILS AND 
SEMICONDUCTOR RECTIFIERS* 


B.M. MENSKII 
Moscow 


(Received 22 August 1960) 


The principal feature of the transient phenomena which occur when 
closing a circuit containing a semiconductor rectifier bridge and in- 
ductance coils at the input and output (Fig. 1) is the shorter duration 
of the phenomena compared with the closing of a d.c. circuit with an 
output coil r..4 and Loy, [1.2]. 


The duration of the transient phenomena in such a circuit depends 
tupon the relationship between the circuit criteria. The circuit is 
defined by three items assuming that the rectifiers are ideal: 


ol 
9  =arc'tan— ont. 
al 
9, = are tan = : 
n Ps he 
—_ V (rint 14)? + (Lip)? 
Tout t "a ; 


where wis the frequency of the applied alternating voltage and ce the 
forward resistance of the rectifier, 


The parameters @ out and Pin show the relationship between the 
inductive reactance and resistance at the input and output of the 


circuit. The symbol é represents the relationship between the total 


A 


* Elektrichestvo, 4, 58-61, 1961. 
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resistance to the alternating current at the input and the resistance to the 
rectified current at the output. To determine all these items the 
forward resistance of the rectifier bridge is divided between the in- 
put and output. 


Consider now the relationship which must exist between these items 
for the transient phenomena to be reduced to the shortest possible 
period of time on closing the circuit. it is assumed that the circuit 
is closed at the commencement of a positive half-wave of alternating 
voltage. A first period of conduction B, commences when the circuit 
has been closed, i.e. rectifiers I are live (i,, = ty, = tant) and rec- 
tifiers II are non-conducting (iz = 0). 


Fig.'1. Circujt containing inductance coils and 
a rectifier bridge. 


If the electrical angle 9 = wt (where t is time) read from the 
instant the circuit is closed, the output current in the first period 
of conduction is described by the expression 


‘out /, Sin (8 — 9) +-/,, sin pe 
where 


U 


m 


vf a a Ree 
™ WV (fant 2rq F rout )® + (@Lin+ OL out)? 


and U, is the amplitude of the applied vol tage. 


The first period of conduction ends at @ = 8,, when the voltage 
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applied to rectifier II equals 


aD di ot 
U1 = Vout tla) fout + lout ao su, 


Hence, by substituting the value of i an equation can be written 


for the first period of conduction B,: 


out’ 


sin (@, +95 9) =sin (9 9) eo a) 


The current in the output coil at the end of the first period of 
conduction is 


SiN Pout 
ie ti sin (? og 9) sin Bi. (2) 
The first period of conduction is followed by.a period of commuta- 
tion 4 during which all the rectifiers in the bridge are live. For 
this period of commutation 


i ia —F oyt (8-8) 
out” —°8, 
and , 
ijn el, sin ( — Pn) + 
—a4,(9—8;) 
+[/,—c/,,sin(@,—9,,e ™ 
where 


F out —Cotan? ont 
Fin cotany, > 
— Vint or ae pt font EF He (oLint ob “Bout 
V (ag + a)? + Ly 


This period of commutation ends at #—8,-{-Y,, when the current in 
rectifier I becomes Zero: 


pe ip rae a 
=> (lan T ! out) =0. 


Hence, by substituting the values ‘in and i an equation for the 


period of commutation Y t is 


cl, sin (8; + Vaear Pin) | ie (e inh a e out" ne 
per i sks act 
ef, sin (B, ?,,) an 0) 


out’ 


(3) 
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The current in the output coil at the end of the period of commutation 
is: 
"out! 


ey ie fe (4) 


A second period of conduction then follows during which rectifiers 
II are live (igyg = izzy = — ign) but rectifiers I are “off” (i; = 0). 


The current in the output coil is defined in this case by the 
equation 


iat = — 1, sin (@ — 9) + 
+1, Jy Sin Br ts — gy] eM, 


The current in the output coil at the end of the second period of 
conduction is: 


I, =—1,8i0@& +t +8 — 9+ 


+, +1, sin @ +1 — ee, Sy 


where 8. is the second period of conduction. 


If the current in the output coil is the same in value at the end of 
the first period of conduction as at the end of the steady state period 
of conduction, and if steady state conditions follow the first period 
of conduction, then 


and 


Y: +8. =*. 


Equating the value of IB, from equation (2) to the value of I 
from (5) and substituting B,=«—y,, as well as the value of Ty, 
from (4): 7 


sin (Pout — ?) sin (8: + ¥: — 9) + sin Pout x 


Xsin Be“ out™—sin 9 sin(B,+o  , — 9) et") _ 9, (6) 


out 
Equation (6) provides a relationship between the parameters which 
satisfies the requirement, i.e. steady state conditions will follow the 


first period of conduction if the circuit is closed when the voltage 
passes through zero. 


es 
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Exactly the same factors affect the transient phenomena during the 
first period of conduction (i.e. the configuration of the circuit and 
the variation in applied voltage) when 8B, —B<#<§8,, as in the steady 
state period of conduction (Fig. 2a). Therefore the current in the 
output coil when 6 =—§8,—fB— _ has exactly the same value as at the 
commencement of the steady state period of conduction. 


Fig. 2. Transient behaviour in a circuit with 
the optimum relationship between its criteria: 
a) d= 0; b) dr #0. 


Thus, if the relationship between the circuit criteria corresponds 
to equation (6), and if the circuit is closed at the moment the mains 
voltage passes through zero, the duration of the transient phenomena is 
then defined by the expression 


where ob is the angle between the steady state period of conduction and 
the mains voltage (~?< 7). 


Obviously, if the circuit is closed at any other moment of time 
(Fig. 2b), the duration of the transient phenomena is: 


’ 


Pi aeiusbe eet awe 
ra) 


where ab , is the initial angle. 
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Hence, if the relationship between the circuit criteria corresponds 
to equation (6), the duration of the transient phenomena on closing 
this circuit is less than one full wave and varies between the follow- 
ing limits depending on the exact instant at which the circuit is 
closed: 


Y) EE eae 


Equation (6) contains the angles B 1 and y, 3s well as the circuit 
items. This entails the use of equations (1) and (3). Equation (6) 
also contains another symbol p which is a function of the fundamental 
circuit items ? ont? Pain and €. The relationship between these items 
is expressed by the equation 


sone 


(7) 


p—..__ Sin (Pout 9) 
cos Pout Sin (9 — in) i 
It is convenient to transform equations 1, 3, 6 and 7 into: 
corer (Pout — 9) sin B, +-cos B, = as (8). 
[cos (B: ++ ¥1 — Foye) — C08 (8, + Yi: + Pout— 29in)] + 
+ [cos (B, Fo Pat! — COs (8, aie Pout eke e -- 
+ [cos (8, ia Pout 29,1) — cos (8, -+ Pout] Pane CUS 0; (9) 

[cos (8, + Y, — Pout) — COS (Bi + Yi + Pout — 29)] + 
“+ [cos (Bi — Youe ) — C08 (Br Pout] e@ ub — | 
— [cos (B, -- Pout — 29) — cos (8, +- Pore e gs oe 0; (10) — 
2 sin (gout — ¢) (11) - 


SO Se One eee oe 
~ sin? Pout Pin) +510 (9 — Pont — Pin) 


This set of equations allows those values or ? in and € to be found 
which reduce the transient phenomena in question S "the shortest pos- 
sible period of time for the given value of $ \4. 

The actual method of calculation is as follows. Given the value of 
@. find the first period of conduction from equation (8), the period 
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of commutation from (10), the value of ? in from (9) and that of é from 
(11). Given several vaJues of d; the relationship between Pin and £ 
for the given value of #.,; can be plotted. 


This set of equations is however indeterminate if pret = $i, Pie 
The circuit criteria of minimum transient phenomena are in this case 
defined by the equation 


Ecos g@== 1, (12) 
whence it follows that ie out and Lin = coat? 


The results obtained by this set of equations or (12) are given in 
Fig. 3. Using these curves that value of € for @ ,,4 and ? sn can be 
found which minimizes the duration of the transient phenomena on clos- 
ing the circuit. Graphical interpolation can be employed for inter- 
mediate values of d ,,¢- For example. if 6.4 = 80° and $,, = 75°, 
an auxiliary curve € = f (6,4) for $4, = 75° can be plotted as in 
Fig. 4 and it is then apparent that € = 6.3 for the specified values of 
? out and % in: 


o 30° yg —50° 60° ‘77° 0° 90° 


Fig. 3. Curves for determining the optimum re- 
lationship between the circuit criteria. 
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Fig. 5 shows an oscillogram of transient phenomena which occur on 
closing a circuit whose parameters correspond to equation (12)e" “The 
rectifier bridge consists of DGTs — 24 type germanium rectifiers (two 
rectifiers in parallel in each arm). Coils with an inductance of 0.17 
H and resistances of 0.54 ohms were connected at the input and output. 
The frequency of the applied voltage was 50 c/s. 


~ 


The early end to transient conditions in this circuit is due to the 
dynamic redistribution of the voltages [2]. During the transient con- 
ditions a much larger proportion of the applied voltage influences the 
output coil than during steady state conditions. Rather a large margin 
of voltage is therefore required if transient phenomena are to be mini- 
mized, i.e. the inductance of the input coil must be quite large. The 
precise relationship between the circuit items is defined by equations 


(8) to (11) (or (12) if Pout = Pin): 


Fig. 4. Auxiliary curve for graphical inter- 
polation. 


If aD € is allowed to be less than the value indicated by 
these equations, the transient conditions will be prolonged, and if 
€ = 0, the duration of the transient conditions will be the same as 
when closing a d.c. circuit with an output coil, 


Transient phenomena will also persist for a longer period of time if 
P out or é are greater than the value indicated by the equations. In 
this event the current in the first half-wave may be greater than in 
the steady state, and if &—+oo, the duration of the transient con- 


Reducing transient phenomena 185 


ditions will be the same as when closing an a.c. circuit with an input 
coil. 


Fig. 5. Oscillogram of the transient on closing 
a circuit with optimum criteria: | 
u — applied alternating voltage; a voltage 
of output coil; Let — current of output coil; 
i — current of input coil. 


Translated by O.M. Blunn 
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A NEW METHOD OF TESTING THE BRUSHES OF 
ELECTRICAL MACHINES* 


A.M. TRUSHKOYV 
Tomsk 


(Received 9 November 1960) 


The brushgear tests specified in the State Standards (GOST) do not 
reveal the conditions under which a. particular type of brush will give 
the best service. This shortcoming is felt quite acutely at the pre- 
sent time because of the particularly arduous conditions which have to 
be satisfied in modern high speed machines at 5000 to 6000 rev/min and 
high commutator voltages. No criterion is available by which to select 
the appropriate type of brush for particular operating conditions. : 


In this paper it is proposed to take the magnitude of the minimum 
voltage for sparking at the end of commutation (the sparking voltage) 
as an extra criterion by which to estimate the electrical properties of 
brushes. When the commutation conditions are so unfavourable that 
sparking is unavoidable, the erosion of the contact surfaces can best 
be reduced by using brushes with a low sparking voltage since in this 
case the arc will discharge with less energy. 


The sparking voltage of various types of brushes can be established 
by the test circuit illustrated in Fig. 1. This system uses a ‘‘collec- 
tor-interrupter” which periodically discharges an electrical circuit 
which is supplied from a battery. The voltage drop in the contact can 
be measured by a voltmeter and an EO-7 type cathode-ray oscillograph, 
As the voltage gradually increases, the appearance of sparking is 
marked by a luminous spot on the oscillograph (see point a in Fig. 2). | 
If the time scale is increased, a ‘‘line of arc combustion” at a con- | 
stant voltage will correspond to this spot. 


It is well-known that the interruption of a commutation circuit is 
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greatly affected by its inductance. To keep the latter constant as an 
increasingly large voltage is applied to the slip contact, the voltage 
supply has to be varied by connecting different numbers of cells. The 
minimum sparking voltage is found from the relationship between Oa’ and 
Ob in the oscillograms. The test results of brushes 4 x 4 mm are as 
follows: 


Type of brush Minimum arcing 
voltage, V 
MG 9.0 
MG - 1 9.56 
I -3 1128 
EG — 2a 12.16 
EG - 4 12.96 


The average of ten measurements was taken for each type of brush. 
The speed of the interrupter was 1500 rev/min and the current inter- 
rupted was 10-11 A. 


Fig. 1. The test circuit: 


TB - Test brush; CJ - contact interrupter; 
M — motor; P — potentiometer; A.-— ammeter; 
V — voltmeter; O —- oscillograph. 


From test results, EG — 4'type brushes had the maximum sparking 
voltage and MG the minimun. 


There is a. different minimum sparking voltage for each type of brush 
and this difference is as much as 25 to 30 per cent. The relationships 
between sparking voltages correspond qualitatively to the relationships 
between the actual commutation capacity (i.e. a low sparking voltage 
‘implies good commutation). 
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It is worthwhile using brushes with the minimum sparking voltage from 
the point of view of reducing the erosion of the contact materials. 


i | t 
1 Y — A fypartome 


Fig. 2. Oscillogram of the contact voltage. 
On the basis of this data, the minimum sparking voltage at the end 


of commutation can be recommended as an extra criterion of the elec- 
trical properties of brushes. 


Translated by O.M. Blunn 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 4, 1961 


Computer mathematics 


A computer study of transient phenomena in synchronous 
machines using differential equations with periodic 


coefficients. B.M. Kagan et al., (pp. 43-48). 


The authors illustrate the way computers can be used to solve dif- 
ferential equations with periodic coefficients. A network contain- 
ing synchronous machines under transient conditions is used as an 
example, 


Control engineering 


A contribution to the theory of linear circuits with 
variable parameters. Y.S. Davydov, (pp. 51-58). 


Relationships are derived for the steady state in a linear para- 
metric system under the influence of an external harmonic voltage. 
These relationships take a form which is as near as possible to the 
usual relationships used in the theory of alternating currents. 


High feequency engineering 
The design of reactive frequency converters for 100 to 


500 c/s. M.M. Tarashchanskii, (pp. 73-75). 


A short account is given of the main problems involved in the de- 
sign of “reactive frequency converters” as used to convert alter- 
nating currents of 50 c/s into high frequency currents of 100 to 
500 c/s for machine tools. Particular attention is paid to the 
dimensions of the stator, 


Insulation 


The use of life curves and other methods for determining 
the corona resistance of high voltage insulation. 


N.V. Afleksandrov, (pp. 61-68). 


An account is given of the methods and some of the equipment used 
in the Lenin Electrical Engineering Institute to determine the corona 
resistance of varnishes, mice products and other insulation. The 
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steepness of the “life curves” and sustained electrical strength are 
used as criteria for a comparative analysis of the materials. 


Aluminium windings with enamel, fibre and oxide insula- 
tion. V.A. Privezentsev, (pp. 68-73). 


The increase in demand in the U.S.S.R. for low-cost aluminium wind- 
ing conductors is considered together with the methods of production 
and properties of aluminium conductors with enamel, paper, glassfibre, 
oxide and glassfibre-oxide insulation. 


Power systems 


The propagation of surges in networks with twin-circuit 
transmission lines. A.S. Dadunashvili, (pp. 5-13). 


An analysis is made of the phenomena associated with the propagation 
of surges in twin-circuit transmission lines. This is a special 
application of an already known method of breaking down surge waves 
into their components. Test results are given. 


The lightning performance of 275-500 kV transmission 
lines. M.Y. Kostenko, et al., (pp. 20-26). 


A theoretical analysis is made of the effect of the tower inductance, 
lightning arc and supply voltage on the lightning performance of 
transmission lines and an estimate made of the probability of 
strikes. Statistical data of lightning strikes in the U.S.S.R. and 
the western world are given. This approach to the problem stresses 
the importance of the height of the towers and the effect of light- 
ning strikes which by-pass the earth wires to the conductors, 


The electrical characteristics of the ground and their 
effect on the design of outdoor foundations. L.E.. EF bin 
et al., (pp. 26-30). 


The authors propose a method of designing foundations for electrical 
equipment which allows for local and seasonal changes in the elec- 
trical characteristics of the earth. It is assumed that the elec-. 
trical conductivity of the ground is a'function of curvilinear co- 
ordinates of the electrical field. 


A simple method of calculating short circuit currents in 
networks with steel conductors. LL.M. Perhsina, (pp. 30-34). 


A simple and quite accurate method is proposed for calculating the 
the short circuit currents in networks with steel conductors where 
the impedance of the conductors is a function of the current. Use 
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is made of linearized voltampere characteristics. 


Rotating machines 


The mis-use of circuit transformations in the mathematical 
analysis of electrical machines. I.1. Talalov, (pp.34-38). 


A study is made of the fundamental principles and relationships 
involved in mathematical transformations as applied to the design 
of the circuits and windings of electrical machines. The author 
has in mind certain mistaken modifications of these methods which 
have been used on computers. 


A new electrostatic current generator using dielectric 
friction. N.G. Drozdov et al., (pp. 48-50). 


A description is given of a small climatically-stable 800 
V electrostatic generator with a plexiglass and teflon stator and a 
plexiglass-metal rotor. The internal surface of the stator is 
charged by polyethylene brushes on the rotor. Alternating or direct 
current can be produced. A 500 pF capacitor can be charged to 200V 
in 20 to 25 revolutions of the rotor. 


Progress in the electric drives of excavators. 


Iu.Ta. Vul’, (pp. 81-83). 


An account is given of operating experience with two amplidyne-type 
motor-generator sets for the lifting and traction drives on large 
excavators. 


Statistical methods 


A statistical and graphical method of designing equipment 
for a given reliability. [Ta.A. Rips, (pp. 76-81). 

An example is given of a way to design an electromagnetic relay for 
a given reliability and production cost. The method makes it pos- 
sible to establish the necessary margin of safety and to estimate 
the effect of parameters on the reliability and durability of the 
device. The method is of general application. 


Traction 
The use of 25 kV on a.c. electrified railways. 
A.V. Voronin et al., (pp. 1-5). 


Proposals have in the past been made for a general changeover to 
35 kV on heavily loaded sections of the three-phase a.c., electrified 
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railway system of 50 c/s in the U.S.S.R. This paper explains why it 


has been decided to retain 25 kV. 
be undertaken to see whether it i 
supplied from 220 kV power lines. 


However, further cost analysis is to 
s advisable to use 35 kV on systems 


A NEW METHOD OF STUDYING LARGE 
COMPLEX POWER SYSTEMS ON 
ANALOGUE COMPUTERS* 


N.I. SOKOLOV, Yu.E. GUREVICH and Z.G. KHVOSHCHINSKAYA 
(Moscow) 


(Received 25 July 1960) 


Analogue computers are now extensively used to study the transient 
behaviour, control and stability of synchronous generators and it is 
quite natural to try and apply them to more complicated systems con- 
taining several generators, loads as well as other line elements. 


Several methods have been proposed for this purpose: 


i. An analogue may be formed of each machine in its own co-ordinates 
and then all reduced to a common system of co-ordinates [1,3]; 


2. The equations of the generators may be written in a synchronously 
rotating system of co-ordinates [2]; 


3. The equations of the generators may be written in terms of self- 
and mutual impedances and analogues formed by these equations [3]. 


However, method 1 leads to very cumbersome and impracticable com- 
puting schemes and methods 2 and 3 are apparently only possible if it 
is assumed, inter alia, that the impedances in the direct and quadrature 
axes are equal and if there is no (active) resistance. Methods 1 and 2 
are very complicated, whilst in 1 and 3 the amount of computing 
apparatus increases out of proportion to the number of stations, and 
intermediate results are not at all readily appreciated, being expressed 
in coordinates a,, B,, etc. 


* Elektrichestvo, 5, 1-8, 1961. 
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In this paper a method is proposed which permits the study of power 
systems of any degree of complexity on analogue computers on the usual 
assumptions.’ The number of computing amplifiers increases in proportion 
to the number of stations, loads and lines studied. The individual 
elements of a power system can be studied with different degrees of 
approximation. As far as the authors know, nobody has ever used the 
proposed method previously. 


The main feature of the proposed method is that each element and its 
adjacent section of the line can be studied separately from all the 
other elements by the equations describing it. 


The means of constructing the scheme depends on whether or not there 
is a point in the system which can be regarded as an infinite bus-bar. 
If such a point is present, the complete scheme consists of two types 
of element, namely: 


1, Elements which link the infinite bus-bar with the network nodes 
and lines which interconnect the individual nodes; 


2. Elements for the stations and loads. 


The equations of line elements (type 1) contain the known input 
quantities of each element, i.e. the voltage at the sending end of the 
line, definable by the modulus and phase relative to the voltage of the 
infinite bus-bar, and the active and reactive power at the receiving 
end of the line, defined by the power balance at the node. The output 
quantities are the modulus and phase of the voltage at the receiving 
end of the line and, if necessary, the active and reactive power at the 
beginning of the line. The infinite bus is the beginning of the first 
line and the nearest points to the infinte bus are the beginning of the 
other lines. Thus, elements of type 1 permit successive determination 
of the modulus and phase of the voltages at the nodes, 


For station and load elements (type 2) the input quantities are the 
modulus and phase of the voltages at the respective nodes. 


The active and reactive power reaching them constitutes the output, | 
The principle is illustrated in Fig. 1. 


The method can be modified if there is no infinite bus-bar and one 
of the generator stations is adopted as “reference”. The angles of the 
rotor at all the other stations are read off from the axis of the rotor 
at the reference generator station, The analogue of the network is also 
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begun from the bus-bars of this station. It is also necessary to control 
the speed of the prime movers and consequently their torque, for other- 
wise it is impossible to balance the active power. 


Up = const 


Fig. 1. Circuit (a) and block-diagram (b). 
4 —line; 2 - line; 3 - load; 4— alternator; 5 -al- 
ternator; P ~ active power; Q — reactive power. 


The computing schemes are therefore analogous to the circuits of 
actual networks and there is therefore no difficulty in excluding some 
elements, including others, or clearing short circuits, etc. The 
number of elements must naturally be restricted for the study; but 
all elements in operational units can be covered. A larger number of 
amplifiers has to be used to study complex systems, but this cannot 
lead to self-excitation if the individual groups of elements are stable. 
In practice, four to five stations can be studied, 


The proposed method allows special analogues of generators and line 
sections, etc. to be formed, which can then be combined to solve parti- 
cular problems. 


Analogues of elements 
Line sections. Consider the transmission of power P from the node a to 


‘the node n via the impedance Eee (Fig. 2a). It can be assumed that the 
active and reactive power into the line from the node m and the voltage 
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at node n are known. It is required to find the angle between the 
vector voltages at the nodes Omn, the voltage U, and in certain cases 
active and reactive power at the other end of the line. The fundamental 
case of power transmission without loss is considered when z,, = z,, 
and P, = - P.. 


Suppose that the voltage U, is also known. The angle poe is then 
found from the equation 


USUa 7, 
Be aa = sin Dat (1) 
mn 
Alternatively, given ae the voltage can be found from the expres- 
sions 
ue U_U 
Q =—" ——*— cos 6,3 (2) 
le Xmn x min 
U? wn 
Q,, Sais — cos Oe (3) 
mn mn 


where Q is the reactive power. 
The circuit in Fig. 2b, which refers to equation (1), contains an 


operational amplifier, a function generator* which gives the sine of 
the input, and a multiplier. 


Putting « for the output voltage of the piesa amplifier, the 


amplifier receives the difference between Po and sin a at its 


x 
f an 
input. This difference must be very small since an operational ampli- 


fier has no self-feedback and its amplification factor is very high. 


U_LU 
If Py or —"" sin a change, the difference between these quantities 
mn 
will increase and change sign at the input to the amplifier on passing 
through the sine unit. The value of a changes so that the difference . 
becomes negligible. It is obvious that this will occur when a==6. 


Such methods are extensively used in mathematical simulation to 


inne i aa SR A Ses Oh eh 8g ne 
* In our case we used sin and cos function generators made in the power system 


laboratory of the All-Union Electrical Mergy Research Institute using 
tyrite (fergusor'te) resistors. These generators can produce functions of 
an argument ly ng between the limits -2.7 and + 2n. 


ord 
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obtain inverse functions. For example, a circuit with no multiplier 
ne -l1 

ensures that eat = sin Vin: 

The circuit in Fig. 2b is stable if 5mn<90°, since negative feed- 
back becomes positive if Omn is large. But in the case under consider- 
ation the circuit is linked with the computing scheme of the generator 
which always has negative feedback, thereby ensuring the correct produc- 
tion of any value of the angle Omn.- 


Fig. 2. A section of the line. 
a — line section; 6 —circuit producing angle 
8nni ¢ — circuit producing nodal voltages. 


The voltage UL is found in a similar way. The corresponding circuit 
contains an amplifier without self-feedback, so that the following 
expression is obtained: 


U, B2 
ay B x cos ee oo Q. -+ aoe 0, 


mr Xmen 


where 8 is the output voltage of the amplifier. 


Comparing this expression with expression (2), it will be seen that 


% 
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B bcs U., 


The circuit also contains a multiplier and a cos function generator ~ 
(a “quadrator”), which ensures that U,,; = UE 


The circuits in Fig. 2a and 2b are combined by joining the points k 
and / in each circuit. The inputs are then P,, Q, and Us and the out- 
puts UL and Son? If necessary, Q, can easily be obtained in accord- 
ance with equation (3). This requires one extra cos function generator 
for the voltage U, sic . It should be pointed out, however, that only 
one cos function generator is normally required for each node, regardless. 
of the number of outgoing lines from each node. 


In a closed network the inter-nodal links are analysed by expressions » 
(1)-(3). The active and reactive power flows are determined from the 
known nodal voltages and angle aes and they are then introduced into 
the powex adders. 3 


=~ 


When the resistance of the line is included, the following expres- 
sions are used to determine the active and reactive power at the ends 
of the line with positive directions from.the node into the line: 


ae ae Farin 127. j 
P= is r Saget IG = ‘ 
rs ee Sif eo. (x,,,Sin oi oh F nC OS Sand (4) : 
U2 UU : 
Cea m mn 
P= mage + 2 x 5 
Zmn =mn ( ) 
x (x,,,Sin oi F mnCOS San) 
Ds U_U 
Q=—+x«, +-""x 
n 2 mn 2 
=mn Zmn (6) 
x (Tn! n Ban as XinnlOS San) 
Bis U_U 
ee Se ee ee 
Qn = 2 nin 22 x : 
mn mn (7) A 


xX (FagSin ae aig XmnCOS San)? 
where 


Oe eemed 2 
enn Xinn aie Fant 


The inclusion of line resistance presents no difficulty, and a sec- 
tion of the line can be studied in the same way by equations (4)-(7). 
The only difference is that quantities which are Proportional to sin 6 - 

mn 
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and cos aa are introduced into the circuits by summators and inte- 
grators to obtain pet as well as U.. 


Generators. It is best to study generators in the direct (d) and 
quadrature (q) axes associated with the rotor.: The analysis is parti- 
cularly graphic since all the quantities have physical significance. 


Generators can either be studied by the Gorev-Park equations [3] or 
by the equivalent networks proposed by the Gorodskii [4,5].° The former 
method has been used for a number of years in the dynamic control 
laboratory of the power-station department at the Moscow Power insti- 
tute (MEI).° The second method is more convenient, since fewer opera- 
tional amplifiers are required, the criteria of the machines can easily 
be varied and any number of rotor circuits on a synchronous machine can 
be included. 


Gorodskii’s equivalent networks (see Fig.3) have certain similarities 
with the conventional equivalent networks of synchronous machines. In 
them, ohmic resistances are substiSuted for inductances, and capaci- 

_ tances for (active) resistances, whilst the input impedances of the 
circuits for the direct (d) and transverse (q) axes correspond to the 
reactances x j(p) and ®o(P) in transient and steady states. 


Gorodskii’s equivalent networks were proposed previously and took no 
account of the variation of the exciter voltage due to the action of 
_the regulator. To include this factor correctly in the network corres- 

ponding to the direct axis of the machine, it is necessary to intro- 

duce a current I at point b in Fig. 3a proportional to the voltage U 
and independent of U_ (see appendix I). The current I is the “forced” 
component of the excitation current I, flowing through the reactance 
_ X,, Under transient conditions the current I, is the sum of the 
“forced” current I,, = I =u, and the force (transient) component due 
to the variation of tne voltage u, or U fe 


This requires a special “current source” with an infinite output 
_resistance, The magnitude of the introduced current shouid be propor- 
tional to the control voltage and independent of the external resistance 
within definite limits.: This speciai “current source” is obtained by 
using two operational amplifiers (see appendix II and Fig. 4). 


When using Gorodskii’s equivalent circuits on the computer, points a 
and a, (see Fig.3) are connected to the outputs of the operational ampli- 
fiers which produce the voltages u_ and u,- It is convenient to include 
_the transformer resistance and the inductive reactance of the line up to 
the node in the leakage reactance «, of the equivalent network. It is 
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Undesirable for the capacitances in the branches of the equivalent net- | 
work to be in excess of 10nF. This requirement determines the magni- 
tude of the ohmic resistances and currents in the branches. The resis- 
tances should not be too small, for otherwise the amplifiers may be 
overloaded. 


Fig. 3. Equivalent circuit of generator. 
a —along direct axis; 6 — along quadrature axis. 


Instruments and oscillograph loops can be connected in series in the 
circuits to measure the currents, It must however be borne in mind that 
the currents do not usually exceed 1 mA and so the currents are usually 
converted into voltages by other amplifiers for further study and mea- 
surement. For the sake of convenience in taking measurements, the 
“current source” (see Fig. 4) is connected to a slightly different 
equivalent network of the generator (Fig. 5c). This new network is 
practically the same as the original one, since the resistances of the 


wo and uy, are close to zero. 


The stator currents iy and i_ can be estimated from the voltage drop 
in the leakage reactance x, . the input impedance r, of amplifier 10 
is connected in parallel with ry The latter must be made such that 


OO cece. | 
Lats «a nt 


The excitation current i, can be estimated from the difference in 
voltage to earth at points 6 (the position of the “current source”) 
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and ¢ (position of amplifier 10). Since the output voltage of amplifier 
9 is equal to the voltage at point b, but opposite in sign, it is 
therefore sufficient to add the voltages after amplifier 9 and at point 
ce. In calculating the impedance ry it is necessary to take the input 
impedance rs of amplifier 141 into account. 


Fig. 4. Equivalent circuit of “current source”’. 


The currents in the damping winding are usually difficult to measure, 
but this can be done by adding another amplifier (see Fig. 5c). 


The voltages u_ and uy at the terminals of the equivalent relay are 
obtained by “projecting” the voltage at the node where the generator is 
connected along the axis of the machine (see Fig. 5b). 


Use is made of multipliers and adders to determine the active and 
reactive power from the generator to the node: 


P=U,i,-+- 4,1, 


(8) 
ass 
It is presupposed that Pm. 


Variation in rotor angle are found by twice integrating the equations 
of motion of. the rotor about a certain reference axis which rotates at 
the synchronous speed. 

aS 
Tp PS on (9) 

The reference axis is the voltage vector at the infinite bus-bars. 

The angle between the quadrature axis of the generator and the nodal 


voltage is obtained by subtracting the angle of the node-bus-bar from 
the equation of motion. 


It is assumed that the turbine torque is constant. Alternatively, a 
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speed-controlled turbine may be studied separately [3]. The generator 
can be provided with any excitation regulator and exciter. No special 
explanation is required to study these elements [6]. The authors of 
this article have adopted the circuit shown in Fig. 5. 


re Lx | 
at u, pele wel x Hat 


Cc € 


Fig. 5. Computing scheme of generator. 
a — active power and the equation of motion of the 
generator; 6 — projection of the nodal voltages 
along the axes of the generator; c ~— direct-axis 
of the generator; d - quadrature axis of the 
generator; ¢ -reactive power. 


In many cases it is possible to simplify the study of generators hy 
substituting constant impedances and a constant e.m.f. for the “contact” 
resistance found from the preceding conditions. The equation of motion 
remains unchanged. The electromagnetic power is obtained from the 
equation ; 
P= BS sin 6, 

Xa Xen (10) — 
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where U is the nodal voltage; is the impedance from the generator 
terminals up to the node; 6 is sae angle of the generator e.m.f. in 


relation to the node, 


The reactive power is found by a similar formula to (2). 


Fig. 6. Simplified computing circuit of generator. 


2o=V 234 x9? — line resistance in post-fault conditions; 


a — equation of motion of the generator; 6 — projec- 
tion of the nodai voltages along the axes of the genera- 
tor; c — the active and reactive power. 


Given that Ej is constant, the asynchronous torque Mas? which exists 
if s #0, can be ignored. However, asynchronous torque can be included 
approximately in the way illustrated by Fig. 6, where a value of Rag? 
_which is proportional to the slip s, is passed into amplifier 3. If. 
the slip is in excess of its critical value the torque remains constant, 
Provision is made for altering the amount of asynchronous torque during 
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short circuits. 


Loads and static elements at the nodes. Loads and their dynamic 
properties can be studied by a similar circuit to that used for the 
generators by making certain assumptions. 


Static loads are simulated in accordance with the equations 
P=U'G, Q=U'B;, (11) 


The term U2 is usually known; if G, and B, are constants, they can 
be included when calculating the input impedances of the amplifiers for 
adding the active and reactive power. Such loads can therefore be 
studied without additional amplifiers. There is no difficulty in study- 
ing loads in the light of their steady-state functions P, = f,(U) and 
Q, = fo(U). This requires non-linear elements. Neither is there any 
difficulty in studying shunt reactors, line capacitances or parallel 
load resistances for restraint under transient conditions, etc. 


Short-circuits and post-fault conditions. A short circuit is effec- 
ted at a node by introducing a shunt Xs /o into the node at the time of 
the fault. This shunt is connected in the same way as a reactive load. 
By selecting the magnitude of the input impedance at the input to the 
amplifier adding. the reactive power, it is an easy matter to produce a 
short circuit of any type at any remote point. By taking the minimum 
possible input impedance (5 /¢ ~0), it is possible in practice to 
obtain an exact three-phase short circuit at the node. 


In the study of post-fault conditions it is usually necessary to 
provide for a change in the impedance of one of the links between the 
nodes (disconnexion of one of the parallel lines). This is done by 


automatically changing the input impedances after the short circuit has 
been cleared. 


Example 


The proposed method has been applied to the circuit shown in Fig.7 
which contains the station 1, a single generator with a bus-bar load L, 


and the receiving systems 0 and 2. The bus-bars of receiving systems 0 
are assumed to be infinite. 


The transformer e.m.f.’s of the generators and variations in the 
reactance of the generators and lines during generator rotor oscillation 
are ignored; it is assumed that the generators. are unsaturated; the 
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line resistance is ignored wherever it has no appreciable effect. The 
method is equally applicable if these simplifications are not adopted, 
but the circuit is a little more complicated as a result. Only the 
transformer e.m.f. present any difficulties, but these can be ignored in 
the majority of cases. 


The block-diagrams and circuit-diagrams are given in Figs. 5, 6, 8 
and 9. The excitation control has been omitted from the generator cir- 
cuit in Fig.5 and torque is assumed to be constant. The receiving 
system 2 (Fig. 7) is simulated by an equivalent generator with a con- 
stant e.m.f. after the contact resistance (see Fig.6). The line resis- 
tance is included in the study of the lines linking stations 1 and 2, 
and provision is made for a system of relays to change the line resis- 
tance after faults. Receiving system 2 was studied by the equations of 
motion and expressions (4), (6) and (7). / 


Up =const 


Fig. 7. The simulated network. 


The broken lines in Figs. 5 and 9 indicate elements which were later 
found necessary during the adjustment of the circuit, as well as ele- 
ments which were included to measure the rotor currents. A system of 
relays was used to study short circuits. Relay 1P was live during the 
short circuit and 2P afterwards. 


By way of example, Fig. 10 shows one of the oscillograms taken during 
a two-phase earth fault at a node with a high-response excitation 
regulator. 


Circuit adjustment 
The proposed method allows the adjustment and verification of each 


individual circuit element, which simplifies and speeds up the prepara- 
tions for the study and the study itself. For example, to adjust the 
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generator circuit it is sufficient to supply the voltage U, from an 
independent source and the generator is, as it were, connected to the 
infinite bus-bar. To adjust the circuit of a section of the line and a 
node it is convenient to substitute independent voltages for the active 
and reactive power of the generators and the loads. 


Fig. 8. Simulation block-diagran. 


I — first generator; II — second generator; 

III - line and node. 1 -— automatic voltage 

regulator; 2 —- the d-axis; 3 - the q-axis; 

4 — active and reactive power; 5 — equation 

of motion; 6 — projection of nodal voltages; 

7 - determination of 899 8 - determination 
of Us; 9 — nodal load. 


Gorodskii’s equivalent circuits are first adjusted in the direct and 
quadrature axes. The resistances and capacitances must be correct to 
three significant digits. It is convenient to adjust the “current 
source” (Fig. 4) by varying the resistance rg (see appendix II) in suck 
a way that the load current measured by the micro-ammeter is independen: 
of the load impedance. - Impedances ry and ro are set to an appropriate © 
scale, and r, is such that amplifier 1 of the “current source” is not 
overloaded under any operating conditions of the generator. 


| 
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In the node and line circuit (Fig. 9) special attention must be paid 
to the operational amplifiers which produce the angle 836 and voltage 
Ug. The amplifiers must have no self-feedback under any circumstances. 
However, it has been shown by circuit tests that generation* occurs in 
the circuit in connexion with the weaking of the total negative feed- 
back at angles in excess of 90°. This requires the inclusion of a capaci- 
tance C, in the feedback of the amplifier producing the angle 34 4). 
Self-excitation was thereby eliminated completely. A capacitance of 
0.07 # F was in fact used. Tests showed that no marked error resulted 
in the size of the angles. 


U. U, 
S50 sin 6; 


330/ (ae 


Fig. 9. Computing circuit of node and line 
section. 


More favourable conditions exist in the line-node circuit in which 
the voltage was produced. It is sufficient for Cy to be about 0.02 » F. 
This figure has very little effect even if the voltage varies widely. 


Any error due to the capacitances Cs or Cy can be eliminated by 


using a “retarded time scale” , in which case there is no increase in 
Cs or Cy: 


* Use was made of UpT-4-type amplifiers. 
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There remains one further aspect of the method (see Fig. 9) which 
requires special comment. The impedance of the transformer and the 
leakage reactance of the generator were combined in the simulation of 
the generator. In the operation of the circuit the reactive power 
flowing to the node was proportional to its voltage. At the moment the 
circuit is started (triggered), or when a three-phase short circuit is 
cleared at the node, all the operational amplifiers producing Us receive: 
zero potentials and Us remains zero. Although this is an unstable state 
ot equilibrium, the circuit reverts to its operating state after a 
lapse of time. This random delay can be eliminated by introducing a 
low starting voltage Us (Fig.9), which removes the circuit from its 
unstable state almost instantaneously, and the source of the starting 
voltage ceases to have any further effect on the system owing to the 
valves V-1 and V-2, The voltage Us can be used to define a residual 
positive sequence voltage at the node as required for studying non- 
symmetrical faults and remote short circuits. 


0 1 2 3sec 


Fig. 10. Oscillogram of a two-phase earth fault 
at a node. 


The proposed method is also applicable to out-of-step conditions, 
The amplifiers producing the angles 6 10° 8 29 and 54 are fitted with 
switching devices which shunt the feedback capoltances when the angle | 
becomes 360°. When the slip becomes large (over 3 per cent) an error 
begins to creep ii if C; is large and a “natural” time scale adopted. 
ms SE Lor can be practically eliminated by using a “retarded time 
scale”. 


Large complex power systems 209 


Appendix I. 


Equivalent network of a generator 


The equivalent network used in this paper differs from that proposed 
by Gorodskii [4] in that a variable “current source” is introduced to 
include excitation control. Other methods of including excitation 
control have been published, For instance, a similar method to Gorod- 
skii’s was described in [7], in which a correctional circuit was added 
to adjust for changes in excitation. 


It will now be shown that the “current-source” method describes the 
behaviour of the generator correctly. 


Ignoring the transformer e.m.f. and stator resistances, the generator 
performance can be described by the equations* 


Uy = P (Xplp — Xaaba) + "ly 


Hence the current in the direct axis is 


Ug(p)  G(p)us(P) 


“= yp nw: (1-1) 


The first term on the right of equation (I-1) describes the effects 
due to the external voltage ua (P), whilst the second fully defines the 
excitation and can be written in the form 


G(p)r; 
iy (p) %q (P)’ 


where i,(p)G(p)r, is the equivalent voltage at the terminals of direct 
axis definable hy the “forced” excitation current ip, (Pp). 


(1-2) 


The equivalence of the generator performance and equivalent network 
will now be shown for the simplest case of no damping windings. 


It is well known that for the generator 


Xqt%q T oP 


Xq (pP) = be Diok (I-3) 
Xad 
GP) 5 (TFT oP)’ (I-4) 


* The g-axis leads the a-axis. 
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where u, is the slip-ring voltage; i, is the rotor current; "19 is the 
time constant of the excitation winding if all the other circuits are 


broken. 


For the equivalent network in Fig. 5 the addition of Xad with 


xy + in paralle) and with x, in series gives 
P 
Xq =: Xad ste XQl oP of *of*ad Th 
X4(P)= ise iP 
= xa x4 T joP 
1+T sop 


The voltage at the terminals of the open network when carrying the 
“forced” current tp. 2(P) 


(1-5) 


er 
“Dp ad 
whi £0) 
XoF ots Xad ts pe 
Ned ae (I-6) : 
~ L+T sop fg \P) | 


With the stator closed, the current component due to the excitation 
(i.e. due to the current ir. e(P)) can be expressed as follows: 


ca rere oe 
tg) 1+Tpp tf (p)= 


pe Santee (OG ae HOP) War 
Xq(P)re(1+Ty9 Pp) %q(P) r (P). 


(I-7) 


Thus the operator expressions for the generator currents fully agree 
with the equivalent networks. 


Appendix ITI. 
The current source 
The load current I, in Fig.4 is made independent of the load impedance 


R, by a positive feedback which increases the output voltage of ampli- 
fier | with increasing U and, consequently, R}- 


It will now be shown that I, is independent of R, if the impedances 
are correctly chosen. : 


harec CUMPLOA YUWCL Sy SUIS aad 


It is well known that the potential at the summation point 2 of an 
amplifier is negligibly small. Suppose, therefore, that 2-=0. The 
sum of the currents at the point = then takes the form 


7 yi 

Yin , Vout , Vout i; (II-1) 

ig fe in 

Since 
Ts5=T.e 
Vout = — 4} 
Ts + Ry 

Vout = U, 1+ AoERy |e 


sn ee II-2 
ty 7c Ts (: “fe sR) rs = 0; ( ) 
whence 
U; J rol sf 
Earn Wipes te cee hh Mae ee ee ; 
TR, ty Ry (esha ahs — Sal's) + Paras (II-3) 


Suppose that in expression (II-3) 
f3fat P3ls STolss (II -4) 
The current I, will then be independent of the load 


Ig 
1) Viner 


Thus, the “current source” functions correctly if condition (II-4) 
is fulfilled, whence it follows that 


Pels 


Oe tata: (11-5) 


Translated by Q.M, Blunn 


4. 
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THE SELF-EXCITATION OF INDUCTION MOTORS WITH 
SERIES CAPACITORS* 


V.G. BAUMAN, 0. V. IVANOV and B.I. KOMAROV 
(Leningrad Mining Institute) 


(Received 14 November 1960) 


The self-excitation of induction motors [1-7] is one of the main 
obstacles to the use of series capacitors for the compensation of the 
voltages drop in local distribution networks. Its effect is to limit 
_the maximum stable output of the motors supplied from high-voltage 
transmission lines [8]. 


The self-excitation of an induction motor can be regarded as para- 
metric resonance in an oscillatory system in which the equivalent 
inductance periodically varies with the mutual induction between the 
circuits of the system. Under definite conditions the “free” oscil- 
“lations in such a system may decay, increase or even remain constant 
depending on the relationship between the energy introduced into the 
system when a parameter changes and the energy loss during this period 
of time. 


The emergence of parametric resonance expresses itself mathematically 
in an unstable solution of the differential equation of the system. 
However, at the boundary of stability there exist free oscillations 

which do not decay and it is therefore possible to determine the 
boundary conditions of self-excitation by the methods of steady state 
analysis usually applied to induction motors. 


The simplest way to determine the boundary conditions is to use 
Wagner’s equivalent circuit [2]. 


re Se a ee EY eG ae Nahe, ok eT ee 
+ Elektrichestvo, 5, 38-44, 1961. 
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Fig. 1 shows an equivalent circuit for the “free” currents of an 
induction motor with series capacitors. All the reactances of the 
circuit are defined at 50 c/s. The frequency of the free oscillations 
at the boundary of stability Wg is proportional to the supply fre- 
quency. The rotor slip relative to the field of free currents at the 


boundary of stability is 
{Sgt (1) 


where Om is the angular velocity of rotation of the rotor as a propor- 
tion of synchronous speed at 50 c/s. 


The conditions for the existence of non-decaying free oscillations 
in the circuit in Fig. 1 can easily be found by Kirchhoff’s laws 


i,+14,4+h=0; 


Zl ZS EZ Se. 
where 


x 
pated . c \s 
2. =n +i(%%,—=) 

tt) 
, oe 
faa Sl 


Z, = JX, 


Solving this set of equations with respect to the current I,: 

f Z,Z3 — 

ACA a rar ee )=0. 
It follows from this expression that if I, 4 0, then the equivalent 
Liz 
5 


symbols indicate complex quantities), 


impedance of the circuit Z, --—~+—+— Z, must equal zero. (Points above 


The conditions for the existence of non-decaying oscillations in the 
circuit in Fig. 1 can thus be written in the form 


= 


Vogl 
2a ay a a0) 


MWS LAWCAULYUGUIVUE VL 44 Se mee aiv 


, [OX [ti (w9x),-=*) | Pa 0 


2 + joy, + (2) 
ry +j Jen (Xs + my | 


The real and imaginary parts of equation (1) are then equated to Zero 
separately and for the sake of simplicity 


, 
Xo .X% 
2s" M 
Kot he SX Ns 
1 1 ] , 
‘ * : X95 ae ae 
Hence 
Xo ' Xo } 
= | Oy fs ee 
Wo y Oo 
and ‘sie (3) 
9 2 | 
seo ry Rae wy 
To wax? ry | 


It follows from this equation that the slip $9 can only be negative 
in the presence of self-excitation, i.e. the velocity w of the rotor 
of an induction motor during self-excitation must be greater than the 
frequency of the free oscillations w 9 (operating as a generator at the 
frequency of the free currents), 


When considered with equation (2), the second equation in (3) can be 
written in the form: 


(4) 


where 


and x is the capacitive reactance. 


Using equations (1), (3) and (4) it is possible to find the frequen- 
“cles Wp», and Wp , of those free oscillations at the boundary of sta- 


-bility which correspond to the values of the slip s and So and, 


ol 2 
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consequently, the velocity bounds of the zone of self-excitation Ory 
and Mp9 can also be determined. 


Fig. 1. Equivalent circuit. 


It has been shown by calculations and tests that the boundary fre- 
quencies w,, and >, in systems in which seif-excitation has been 3 
specially eliminated are usually very little different from the respec-_ 
tive frequencies  o1 and © 99 in systems without losses (ry = 0), 


which are equal to 
; Xo , Xo 
u=V = nui ee 


The self-excitation of induction motors occurs at rotor speeds 


O79 > w, os 1 


Over this range one of the roots of the characteristic equation of 
the system will have a positive real part [1,2,4,6 | and, consequently, © 
increasing free oscillations will occur in the system. 


At speeds Ory and ® 19 the real part of this root is zero and 
constant free oscillations will continue in the system (pvoundary of the 
zone of self-excitation). At speeds ©,; >, >, the free oscil- — 
lations will decay. . 


In voltage control systems using series capacitors the theoretical 
limits ©), and ® .9 are usually below synchronous speed at 50 c/s. If 
the resistance ry is increased there is a corresponding narrowing of 
the velocity bounds of the self-excitation zone, as follows from equa- 
tions (3) and (4), but at the critical value of r 1ory = ant these 
bounds merge and if ry > ice self-excitation is deal tee An ex- 
pression can easily be obtained for ry y from equation (3) by determin- 


OI? ee VOY Se 88 8 NS EY Sw OE I OS eae 


ing the maximum of the function defined by this equation [2,6]: 
Ner=V %,(V 1 — Vx’). (5) 


It will be seen from an analysis of this expression that Tier de- 
creases in value with a decreasing percentage modulation of the equiva- 


lent inductance of the motor: 


x,— x! 


Xy+ x! 


In deriving the propositions underlying the theory of self-excitation 
in induction motors it is assumed that all the criteria of the system 
are linear or else dependent solely on the magnitude of the free currents 


b5 Js 


It is also assumed that the speed of the rotor is constant. Such 
assumptions are only permissible in the study of asynchronous generators. 
Previous papers [1,3,4,5,7,8], have not dealt with asynchronous genera- 
tors operating as motors for this reason. It has been shown by tests 
that the special features.of the motor state have a decisive effect on 
the nature of the development of self-excitation in asynchronous machines 
under these conditions. 


The authors have undertaken research which now makes it possible to 
form a qualitative estimate of the effect of individual factors on the 
nature of the development of self-excitation in induction motors. 


There are a number of distinctive features of the development of 
self-excitation in asynchronous generators operating as motors: 


1. The criteria of the machine depend on the magnitude of the vol- 
tages and currents of the “forced’’ process, in which the supply source 
defines the frequency, as well as on the currents and voltages in the 
free process; 


2. The self-excitation of the motor at speeds below normal is only 
possible during acceleration of the rotor within the resonant zone. The 
possibility of the rotor crawling in the zone of self-excitation is 
determined by the time taken to pass through this zone and the time 
taken for free oscillations to develop; i.e. it depends on the moment 
of static and dynamic (mechanical) resistance, the magnitude of the 
suppiy voltage and the numerical values of the circuit criteria. 


3. The performance of an excited iotor can only be stapie at the 
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lower velocity limit of the self-excitation zone [2]. 


The magnitude of the input voltage has the most important efiret on 
the development self-excitation in a motor. It has been established by 
tests on AOL and A type motors with series capacitors at supply vol tages 
from 60 to 500 V that the self-excitation of a motor can be divided into 
five distinct stages in which the excitation develops in different forms. 


G 100 200 300 400 6 


Fig. 2. Speed n as a function of the input 
voltage Vin for A-41-6 type motors (capacitive 
reactance x, = 6.6 ohms; line resistance 

r, = 0; G2 (flywheel effect) = 0. 


The curve for n = f(U;y) in Fig. 2 is divided into five sections by 
the vertical broken lines. The continuous line represents the speeds 
attainable by the motor on starting from a standstill. The broken line 
in region II shows the running speeds of a motor which is repeatedly 
switched on and off but not allowed to stop rotating. The broken line 
at the end of this region shows the speeds which are attained by a con- 
tinuous increase in the supply voltage of the excited motor. 


The motor does not gain speed in the first region. It crawls at a 
lower speed corresponding to the reduced resonant frequency of the 
system. In this region the self-excitation of the motor develops as 
follows (Fig. 3a). On starting, the rotor accelerates according to its 
mechanical characteristic (Fig. 3a) to the lower boundary of the self- 
excitation zone under the influence of an excess torque equal to the 
difference between the driving torque and the moment of static resis- 
tance. 


As soon as the speed of the rotor passes beyond the lower limit of 
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the self-excitation zone, self-excitation of the motor sets in and the 
machine begins to function as a generator at the frequency of the free 
currents. When the rotor is in the zone of self-excitation, the braking 
torque created by the field of free currents succeeds in increasing so 
much that the resulting torque of the machine becomes less than the 
moment of static resistance. The speed of the rotor therefore drops 
- and the motor leaves the zone of self-excitation. The rotor now starts 
to accelerate all over again and crosses the lower boundary, but this 
time there is a much less excess torque so that the rotor now decelera- _ 
tes much more quickly under the influence of the free currents and it 
_ stabilises at point A (Fig.3a) where its speed corresponds to the lower — 
boundary of the self-excitation zone. In this case the amplitude of 
the free oscillations is restricted by the change in speed of the rotor, 


Fig. 3. The starting of induction motors in 
region I(a), oscillograms (b,c). 1 - torque 
speed characteristic of a non-excited induc- 
tion motor; 2 — characteristic of the load 
torque; B — point of normal operation; LSL and 
USL - lower and upper speed limits of the self- 
excitation zones; Uc — capacitor voltage. 
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which is the typical feature of the development of self-excitation in 
generators operating as motors*. 


The currents and voltages during the self-excitation of a motor are 
distorted in zone I by the appearance of considerable low frequency 
components. Fig. 3(b) and (c) shows oscillograms which illustrate the 
variation in the speed of the motor when self-excited and the shape of 
the typical curve of steady state oscillations in region lI. 


It should be pointed out that use is made of a curve representing the 
voltage drop of capacitors ie for which the typical distortions present 
in self-excitation are more pronounced. 


In region II (Fig. 2) the motor, on starting from a complete stand- 
still, accelerates to its rated speed and, crossing the resonant zone, 
is self-excited, only locking at lower speeds if switched on and off 
without being allowed to stop rotating. 


At che end of region II self-excitation can only be maintained by a 
continuous increase in the supply voltage to the already excited motor. 


It will be seen from the curve in Fig.2 that a self-excited motor 
will lock at a higher speed depending on the extent to which the supply 
voltage is increased. This is explained by the saturation of the 
machine steel owing to the appearance of low frequency components in 
the voltage at the terminals of the motor and the associated reduction 
in the no-load inductive reactance of the machine x,[2]. The starting 
diagrams and oscillograms appropriate to this region are shown in Fig. 4. 


The reason why the self-excitation zone is crossed when starting 
after a complete standstill is that the rotor in region II manages to 
pass through the zone before free oscillations can develop which'are 
capable of creating a generator moment sufficient to decelerate the 
rotor (Fig.4) [2,6]. 


If the input voltage is increased still further, self-excitation | 
cannot be maintained even by continuously increasing the voltage applied 
to the already excited motor, i.e. there is no self-excitation in region 
III (Fig. 2). This is explained by the narrowing of the self-excitation 
zone owing to the considerable reduction in the no-load inductive reac- : 


tance xy and the decreased percentage modulation of the parameter 
(equivalent inductance). 


* In the self-excitation of generators the amplitude of the free oscillations 
is usually limited by the saturation of the steel. 


Yi ae 
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In region IV the motor again begins to be self-excited with a con- 
tinuous increase in the input voltage whether the motor is started from 
standstill or repeatedly switched on and off). The explanation is that 
the types of machine under consideration have a lower equivalent induc- 
tive reactance x’ approximately equal to the short circuit inductive 
reactance which fixes the position of the upper speed boundary of the 
zone. Furthermore, it is not a constant quantity but diminishes as the 
input voltage is increased. If the short circuit inductance is reduced 
the upper speed boundary of the zone is moved upwards and at the begin- 
ning of the fourth region it is raised above the normal operating point 
of the motor (Fig. 5). The normal operating point then comes within 
the self-excitation zone and the motor is perpetually self-excited in 
this region. 


Fig. 4. The starting of induction motors in 
region II. 
(Symbols as in Fig. 3) 
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Accordingly, there are grounds to suppose that motors with open 
shallow rotor slots (for which the short-circuit inductance is prac- 
tically independent of the magnitude of the input voltage) will not have 
a region IV. Tests have been made which corroborate this idea [2]. 


Numerous tests have also shown that region IV generally covers @ 
range of voltages quite close to the voltage of the motor (see Fig. 2). 


Fig. 5. The starting of an induction motors 
in region IV. 
(Symbols as in Fig. 3) 


It has been found that in this region self-excitation proceeds at 
speeds close to the normal speed of the rotor at comparatively low 
values of capacitive reactance (roughly up to 50 per cent of the short 
circuit inductive reactance of the machine). But the rotor speed of a 


self-excited machine tends to fall in this region to the extent that 
the capacitive reactance is increased. 


The self-excitation of a motor in region IV is always accompanied by 
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stable oscillations in the torque and speed of the rotor. 


It will be seen from the oscillograms in Fig. 5 that the voltage 
(current) curves are distorted in this region on account of the speed 
variations of the rotor and the saturation of the steel. Thus, the 
nature of the self-excitation of an induction motor near rated voltages 
is substantially different from that considered in the published 
literature. 


Fig. 6. The starting of induction motors in 
region V. 
(Symbols as in Fig. 3) 


In the solution of practical problems connected with the use of 
series capacitors to compensate voltage drops in distribution networks, 
attention must be concentrated on the behaviour of induction motors at 
voltages close to rated voltage, i.e. in region IV. 


If the input voltage is increased still further, the self-excitation 
of the motor again ceases (region V in Fig. 2). The explanation is that 
the lower boundary of the excitation zone rises above the normal operat- 
ing point at such high voltages. Typical starting curves and oscil- 
lograms of region V are shown in Fig. 6. 


Region ™ begins to narrow and vanish as capacitive reactance is 


224 Self-excitation of induction motors : 


increased and subsequently the same happens to region II. 


If a resistance (the line resistance rj.) is connected in series with 
the capacitors region III and V widen and then I and IV narrow and 
disappear altogether. 


This is explained by the narrowing of the self-excitation zone when 
a resistance is included. This agrees well with the theory of parametric 
excitation. It should however be pointed out that greatly improved 
results are obtainable by calculating the value of the resistance which 
will eliminate self-excitation. 


However, it should be mentioned that the inclusion of a resistance 
which is calculated to ensure the desired degree of compensation of the 
voltage drop + [7], can only eliminate the self-excitation of a motor 
at voltages near nominal if the capacitive reactance x is no more than 
about 30 per cent above the short-circuit inductive reactance of the 
machine s/o" 

The flywheel effect of the rotating parts also has an appreciable 
effect on the nature of self-excitation, particularly in region IV. 


Region I is much wider when motors with a fly-wheel are started and 
region II is pushed up to higher voltages since the flywheel consider- 
ably increases the time taken to pass through the self-excitation zone. 


A particularly valuable result of increasing the flywheel effect of 
the rotating parts of a machine is the widening of regions III and V 
through the narrowing and final disappearance of region IV. The combinec 
effect of a flywheel and resistance is to eliminate self-excitation over 
a very wide range of input voltages including rated voltage. 


By using a flywheel, self-excitation has been eliminated in tests at 
voltages near nominal for 7 =1 and Prey i.e. with complete com- 
pensation of the short circuit inductive reactance of the machine. With- 
out a flywheel such a large resistance is required to eliminate self- 
excitation at voltages near nominal that even with 200. 35 x ¢ (see, 


for example, Fig. 7a) the use of series capacitors was still ineffective 
when only partial compensation of voltage drop was accepted. 


Other methods of calculation have implied that the resistance must 
be made even larger to eliminate self-excitation. 


Fig. 7a shows curves r = f(r) for two values of x, in reference to 


Self-excitation of induction motors 225 


an A-41-6 type motor where 


2.74GD2n2 1078 ; 
- = - equivalent inertia content of a motor with a 


J 
nem flywheel, sec; 


ap? — the flywheel torque of a rotor with a flywheel, 


ke. m2; 
Rnom ~ rated speed of motor, rev/min; 
Pea rated motor output, kW. 


These curves define the requisite line resistance ry for a given 
inertia constant and vice versa. 


Rei URE. en RTE: 
6 


Fig. 7. The inertia constant T. as function of 

line resistance r; (a) and capacitive reactance 

x. (b) for A-41-6 type induction motors. Inertia 
constant of motor om = 0.1 sec. 


It should be seen from Fig. 7(a) that the elimination of self- 
excitation is influenced especially and to a considerable extent by a 
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small additional increase in the inertia constant (relative to the 
natural inertia constant of the motor). Thus, if x= 0. 57 Xs /¢? the 
elimination of self-excitation is particularly influenced by an in- 
crease in the inertia constant within the limits of 0,1 to 0.3 sec. 

In the case in question it is enough to increase it to 0.2 sec in order 
to eliminate self-excitation (with complete compensation of the voltage 
drop). 


There are therefore grounds to suppose that in using series capacitors 
under real conditions there will be no self-excitation of loaded motors 
at voltages near nominal, even if the capacitive reactance xo is com- 
paratively large and that the voltage drop will be fully compensated. 


Fig. 7(b) shows the inertia constant T, as a function of is for two 
values of rye namely, zero and that corresponding to complete compen- 
sation of voltage losses (tT =1). The regions lying above each curve 
correspond to normal operation of the motor (no self-excitation). It 
follows from Fig. 7(b) that an increase in the inertia constant of the 
machine has a particularly marked effect on the elimination of self- 
excitation in the presence of line resistance. 


The curves in Fig. 7 were obtained for a constant input voltage equal 
to the rated voltage of the motor Le 380 V. 


Research into the performance of induction motors supplied via capa- 
citive line equipment [8] has also shown that flywheel mass improves 
the stability of motors. 


Conclusions 


1. The special features of the self excitation which occurs when a 
generator is used as a motor have a considerable influence on the nature 
of the development of self-excitation in asynchronous machines. 


The input voltage has the most important effect. Five regions can be 
discemed in which the development of self-excitation takes a different 
form depending on the magnitude of the input voltage. 


2. The self-excitation of induction motors of the type under con- 
sideration is substantially different from what it is generally con- 


sidered to he in the published literature at rated voltage (region IV 
dnw Fie. 2). 


Stable oscillation in speed and torque is typical of motors operating 
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in this region. The resonant speed in this region is very little 
different from the normal speed of the motor. If the capacitive reac- 
tance xo is increased there is an accompanying reduction of the reso- 
nant speed in this region. The current and voltage curves are greatly 
distorted by oscillation in speed and saturation of the steel. 


3. A line resistance ry assists the elimination of self-excitation 
by narrowing the fourth region of self-excitation. 


But if x.> 0.3 Xs /¢? the requisite value of ry to eliminate self- 
excitation is still inadequate to compensate fully the voltage drop in 
the line. 


4. An additional flywheel effect also helps to narrow the fourth 
region, i.e. to eliminate self-excitation at rated voltage. 


Unloaded induction motors are more inclined to self-excitation at 
the rated input voltage than loaded motors. 


The influence of the additional flywheel effect is particularly 
‘Significant if a line resistance is included. 


Translated by O. Blunn 
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DIRECT TESTING OF CIRCUIT BREAKERS BY 
THE JOINT USE OF SURGE GENERATORS AND 
GOREV OSCILLATORY CIRCUITS* 
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(Received 18 November 1961) 


In recent years Gorev oscillatory circuits have come to be used on a 
large scale in the U.S.S.R. as the short circuit power source for 
rupturing capacity tests on high-duty circuit breakers. In these 
oscillatory circuits the necessary energy for the tests is stored in a 
large bank of static capacitors. 


Experience has shown that high-voltage test laboratories require two 
or three synchronous surge generators with an equivalent three phase 
short circuit power of 2.5 to 3.5 thousand MVA and a Gorev oscillatory 
circuit with an equivalent three phase short circuit power of 2 to 2.5 
thousand MVA. This equipment is used for synthetic tests in which the 
surge generators are the current source and the oscillatory circuit the 
recovery voltage source. 


It is also possible to make direct tests in which the power of the 
surge generator and that of the oscillatory circuit are used separately. 


It would however be very useful to combine their individual powers in 
direct tests. 


The only combined systems [1] which have as yet been proposed for 
direct tests use the active power of the surge generator circuit. No 
provision has been made for adding the reactive power of the two source 


ee ee 
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However, research at the Leningrad branch of the All-Union Electrical 
Engineering Institute since 1956 has solved this problem by connecting 
the surge generator either in series [2] or in parallel [3] with the 
oscillatory circuit. It will be shown that the decay of the test current 
can be compensated either by the active power of the generator or by a 
method of “pulsation”’. 


The special switchgear which has been developed in the U.S.S.R. in 
recent years has now made it possible to combine a surge generator with 
a Gorev oscillatory circuit for direct tests. The new switchgear in- 
cludes a controlled spherical discharger (U.Sh.R), an automatic test 
control device (PAU) and a synchronous switch VA-12, 


Connexion in series 


Fig. 1 illustrates the main test circuit with the generator connected 
in series with the oscillatory circuit. 


Fig. 1. Main test circuit for combined use of 
surge generator and Gorev oscillatory circuit 
connected in series: 


SG - synchronous surge generator; C, - main 
capacitor bank of oscillatory circuit; RR - reac- 
_tor; 7B — test breaker; PB — protective breaker; 
VA — synchronous switch (g — generator); JIC — in- 
terrupter for charge circuit; CD — charging 
device of oscillatory circuit; A, protective gap 
(arrester); Lb, i4 --additional protective induc- 
tance; RD — reactor which is connected to capa- 
citor bank; SS ~ electronic synchronization sys- 
tem; UShR — new controlled spherical discharger; 
SP. ?: VT — voltage transformer 
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The circuit in Fig. 1 is similar to the circuit published previously 
in this journal [4], but it includes an extra reactor RD which is con- 
nected to the capacitor bank by means of the controlled spherical dis- 
charger (U.Sh.R) and the electronic synchronization system SS (immedi- ~ 
ately after the arc has been quenched in the circuit breaker on test. 
The inductance of the reactor RD is such that a current of supply 
frequency (50 c/s) flows in the circuit Cy — RD on closure of the 
spherical discharger (C, - bank capacitance). Consequently, after the 
arc has been quenched in the test breaker TB, the capacitor voltage is 
cosinusoidal in shape and, in view of this, the recovery voltage at the 
terminals of the test breaker, equal to the sum of the generator e.m.f. 
and the voltage at the capacitor bank Cy will also have the convention- 
al cosinusoidal shape. 


Best use is made of the equipment by connecting the capacitor bank, 
surge generator and test breaker in the test circuit through power 
transformers. 


To achieve maximum test power the system must operate normally and 
this requires initially that the amplitude of the free ostillations 
should vanish completely (provided compensation is not used for damping 
the test current). It will be seen from expressions Al and A2 in the 
appendix that this condition is satisfied if the initial capacitor 
voltage (Ub) equals the amplitude of the voltage drop on the capaci- 
tance from the forced component of the current and if the phase of the 
connexion ve equals the phase angle between the forced current compo- 
nent and the generator e.m.f., i.e. if (including the change in sign) 


UL =—U, (1) 


and 


(2) 


But if the attenuation of the test current is to be compensated, the 
initial conditions have to be slightly different from 1 and 2. They 
are selected in such a way that the decay of the test current is reducet 
owing to the presence of a transient component of frequency xeductign 


The series method of connexion also allows an increase in test 
current when the self-reactance of the bus-bars or the dynamic stability 
of the generator are the limiting factors. The self-reactance of bus- 
bars can be compensated by the capacitor bank Cy: 


Overvoltages can occur at the capacitor bank if conditions 1 and 2 
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are not satisfied at the beginning of the test. Protection is provided 
by arranging a gap (an “arrester’) Ag - in parallel with the bank which 
Shorts the bank, or else, (to reduce the discharge current), closes it 
through an additional inductance Lada which produces a high frequency 


current in the discharge circuit. It has been shown by calculations 
| and tests that the fault current is no larger than the maximum short- 
Circuit current of the surge generator. 


Trial rupturing capacity tests have been carried out on VMG-133 type 
circuit breakers at breaking currents of 10 and 20 kA and a voltage of 
10 kV in order to assess the merits of the system and to check the 


' design formulae. 


Over 
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Fig. 2. Magnetic (a) and cathode-ray (b) oscillograms 
of direct test on a VMG-133 type circuit breaker with 
the surge generator and oscillatory circuit connected 


in series. itrip - tripping current; Uyg — voltage at 
the terminals of the test breaker. 
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A TI-12 type generator was excited to 6 kV for the tests. The 
capacitor bank was connected to the test system via an intermediate 
transformer.’ The voltage across the secondary winding of the trans- 
former was 4 kV (20 kV on the capacitor side). The bank incorporated 
32 capacitors (type KM-30-19) for test currents of 20 kA and 16 capaci- 
tors of the same type for 10 kA, 


Fig. 2 shows oscillograms taken during tests at 20 kA, 


The tests showed that the proposed method is only slightly more com- 
plicated than the conventional system and that good agreement exists 
between test and calculated data. 


Not only does the series system allow the summation of power, the 
compensation of stray inductance and the damping of the short-circuit 
current, but it also makes the best possible use of the available test 
equipment, thereby providing additional power for testing. 


Connexion in parallel 


Fig. 3 illustrates the parallel method of connexion. The test plant 
includes a surge generator, a Gorev oscillatory circuit and the breaker 
test. The test method is as follows. First the surge generator is 
excited to the required voltage e, = £,,, cos (wft+%p.). At the same time 
the capacitor bank is charged to fhe voltage Uco bole oe Then, with 
the test breaker connected and the phase of the generator voltage * 


Reg. 


equal to -tan™} (so that there will be no aperiodic component in the 


Ww 
g 
generator current), the generator circuit is closed by the new synchro- 
nous switch VA, for the generator. At the same or a slightly later time 
an oscillatory circuit switch X,, makes the oscillatory circuit and the 
extreme branches of the scheme begin to carry the generator current i 
and the oscillatory circuit current toe» and the branch of the test 
breaker TB carries the total current i. To achieve complete equivalence 
in the tests it is necessary for the oscillatory circuit current to 
attain its zero value slightly after the generator current in the half- 
period when the arc is quenched in the test breaker*, The total current 
i then attains zero slightly after the generator current (at the moment. 
2 ee eee ene Ee ML A aS me ee 
* This can be achieved by slightly reducing the frequency of the oscillatory 
circuit current compared with that of the generator current or by switching | 
on the oscillatory circuit current slightly after the generator current. 
Both methods can also be used at the same time. 


when the instantaneous values of i, and i 


3) 
tor e.m.f. and the voltage on the main capacitor bank; after the arc 
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oc 2re compared). 


After the arc has been quenched in the test breaker, the series- 
connected (sic) generator and oscillatory circuit from a single closed 


circuit which carries a small balancing current i,. This current i) 


attains zero a few hundred microsec after the arc has been quenched in 
the test breaker and at this point is interrupted by the “tripping 
device” TD oe of the oscillatory circuit which is arranged to operate at 
the precise moment when this will ensure the quenching of the arc in 
the corresponding half-period of current. In the tests this “tripping 
device” was either a special breaker or the second poie of the test | 
breaker. 


Fig. 3. Main circuit for combined use of surge 
generator and Gorev oscillatory circuit connec- 
ted in parallel. 


Legend as in Fig. 1 plus MAT - master air-cored 
transformer; TS — trigger scheme; 1D — trip- 
ping device (oc = oscillatory circuit): T - trans- 
former; PAU ~— new automatic test control device. 


When the arc has been quenched in the test breaker, the voltage 


. begins to recover at its terminals at a rate determined by the equiva- 


lent inductance of the whole scheme and the capacitance of the bank Ch: 
Before the arc is quenched in the oscillatory circuit tripping device 
oe? the recovery voltage has an intermediate value between the genera- 
has been quenched in TD oo it becomes equal to the generator e.nm. f. 
Since the system has been tuned so that e. and u, are close to each 
other in value, it can be assumed that the recovery voltage is equal to 
the generator e.m.f. Here the test power of the plant equa!s: 


P/e ‘. Terip rec = (I, “ds Toe rec om Py * Poe’ 


Thus, the power of the oscillatory circuit and generator are aise 
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added if the parallel system is used. 


The current is controlled by means of the reactors RR, and RR oo: 
Since both branches operate independently in a given system when the 
test breaker is connected, the maximum total current depends on the 
power of the sources at the given voltages. 


The “tripping device” TD, can either be the second pole of the test 
preaker or a special breaker. It should be mentioned that another 
function of the oscillatory circuit tripping device is to serve as a 
protective breaker to interrupt the oscillatory circuit current in the 
event of “disruption” of the test breaker (or failure in quenching), 
its main function of course being to disconnect the balancing current 


tp: 


The system just described can be regarded as the basic circuit. 
Direct tests may also be carried out under other conditions with the 
generator current reaching zero before the oscillatory circuit current 
in the half-period when the arc is quenched in the test breaker. In 
this case a generator tripping device should be included 7D, for which 
the laboratory protective breaker PB may be used. 


After the arc has been quenched in the test breaker and then in the 
generator tripping device 7D,, the recovery voltage at the terminals of 
the test breaker is equal to the voltage of the main capacitor bank. To 
impart the same sinusoidal Shape to it as in the series system, the 
capacitance Cy is connected to the shunt reactor RD by the controlled 
spherical discharger U.Sh.R. directly after the interruption by the 
generator tripping device TD 


However, a detailed theoretical and experimental study of the con- 
ditions of the first passage of the balancing current tp through zero 
has shown that this modification is not so stable in operation as the 
fundamental system. Extra equipment (the shunt reactor, the new con- 
trolled spherical discharger etc) is also required. The basic system 
is therefore to be preferred. 


The following factors should be considered when adjusting (tuning) 
the circuit. The instant the arc is quenched in the test breaker, the 
current in the branch where the “tripping device” is installed must 
only pass through zero after the total current has done so. Other- 
wise the branch containing the tripping device can be disconnected 
before the total current i attains zero and a kink will therefore occur 
in the curve for the total current immediately before it passes through 
zero. Moreover, since one of the branches will be disconnected before 


—_ ss" 
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the total current i passes through zero, the rate of voltage recovery 
will depend solely upon the inductance of a single branch and not on 
the equivalent inductance of the whole scheme. 


The capacitors are protected from the surges which may arise if the 


‘tripping device fails to quench the arc, by a protective gap (arrester) 


A. which connects the bank Cy to the reactance Load’ 


Fig. 4. Main circuit of generator and oscil- 
latory circuit in parallel with an inductance to 
compensate current attenuation. 


Leo — coupling inductance; 7B — test breaker; 
Ch - capacitor bank; CD — charging device; 
IC — interrupter for charge circuit; L — in- 


eg 
ductance of generator; L oe — inductance of 


oscillatory circuit part. 


For tests on 6-10 kV breakers, the capacitors of the oscillatory 


circuit may be connected via step-down transformers T (Fig.3). For 


tests on breakers over 10 kV the generator, or generator and oscil- 
latory circuit, are connected to the test breaker via transformers. 
The oscillatory circuit is then connected by the controlled spherical 
discharger which is operated by a special control system consisting of 
a master air-cored transformer MAT and a trigger scheme TS which oper- 
ates the controlled spherical discharger almost immediately after the 
current begins to flow through the test breaker (after 100 to 500 » sec). 
It is not possible to use the same conventional spherical discharger 
for the parallel system as for the series system [4] since the voltage 


of the capacitor bank Yeo is applied to this discharger both before and 
after the new synchronous switch VA. has operated. 


Compensation of the test current 


When testing circuit breakers with long arcing times, the efficiency 


0) Sa 
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of the proposed method is adversely affected by the decay of the test 
current. In the proposed parallel system this is aggravated by the 
increased attenuation of the current in the oscillatory circuit. The 
decay of the test current can be reduced by pulsation (the “beat’”’ 
method) or by compensating power losses. 


The “pulsation” method is based on the addition of two sinusoidal 
oscillations at close frequencies. Since the test current i is the sum 
of two sinusoidal currents (i, and taal it follows that the frequency 
of the current in the oscillatory circuit can be so selected and the 
connexion of the oscillatory circuit to the test circuit so timed that 
a non-decaying or even increasing test current can be produced in part 
of the test breaker circuit [5,6]. The best possible use is obtained 
from the equipment if the current in the oscillatory circuit is greater 
than 50 c/s. This involves no alteration in the test plant because the 
command from the controlled spherical discharger can be delayed as 
required by the new automatic test control device PAU or by installing 
an electronic time relay between the trigger scheme 7S and the SP device. 


In the other method of compensation a small coupling inductance Legg, 
(Fig. 4) is connected in the test breaker circuit which compensates the 
losses in the oscillatory oircuit by the active power of the generator 
in the same way as in tuned circuits described by Lugovoi [1]. The best 
result is obtained by adjusting the system so that both methods of com- 
pensation can be used. 


The system has been proved in the high-voltage test laboratory at the 
All-Union Electrical Institute in Leningrad. 


The second pole of the VMG-133 circuit breaker on test was used as 
the tripping device TD, to study the basic circuit, and the laboratory 
protective breaker to study the modified circuit. Figs. 5 and 6 show 
magnetic and cathode oscillograms which illustrate the performance of 
the system for basic and modified connexions. 


The tests confirmed the theoretical conclusions and showed that there 
is practically no difference between the tuning of the parallel system 
and the tuning of conventional systems with a generator. 


Appendix 1. 
Formulae for series system of connexion 


: In the analysis the real generator is replaced by an equivalent 
generator with an e.m.f. eg which decays with a time constant 
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1 
% , and a super-contact reactance (literally, a,super-transfer resis- 


tance) x. The generator e.m.f. is re-written in the form: 


eg = Engx Cos (wt + 4)e™, 


where «a is a coefficient which is found experimentally from the 
attenuation of the symmetrical component of the short 
circuit current in a conventional inductive circuit. 


é it iy F pe 4 5 ees é ‘ 
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Fig. 5. Magnetic (a) and cathode-ray (b) oscil- 

lograms of direct tests on a VMG-133 type circuit 
breaker in the basic parallel systen. 

Tie - oscillatory circuit current; i. — genera- 

tor current; i — test current; Urp - voltage at 

terminals of test breaker; Ur - voltage at ter- 

minals of test breaker 7B; 2 — graduated frequency. 
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Fig. 6. Oscillograms of tests on a VMG-133 
circuit breaker in the modified system 
(Notation as in Fig. 5) 


On the stated assumption, the total current i in the test circuit, 


the voltage drop in Uc at the capacitor bank, and the recovery voltage 
Urec Can be found from the following expressions: 


bl ee sin (wt + $, + B)e fF + 
See Ya (ot + 6) e—*. 


(A1) 
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to =U wx 608 (of + be +p) e—8? — (A2) 
— Uc max Nsin(o t+ 8) e—*. 


Urec [Emax & — Kcos (wt +8) + 


6 
at, —d),f A3) 
+U ce “kek “cos wt](l—e_ i Yoos wt), 


wher 
rc. Gan eis hats ae max 
a menses Oa ateet Coe 
Xo +x 
Sip Ske 
= RE way + doen = : 


k+1 : U : 
va as ante ++ | za +eostbet | 


a Ey 


Ueo 
Un po + cos (p, + 8) 


k+1 
Vy a sin (>, + 8) 


1 = 5 
VEPs ied VETS 


Og = 


oc *Co¢ 
Ry 
fea Yas SY 
(Le. gt Log ) 
| 
sa 
V Cog fed Co 
a ies the decrement in attenuation of the high frequency component; 
aie the length of time that the test current flows; 


ga the decrement in attentuation of the current in the capacitor 
bank -— reactor circuit (C, - RD); 


time from the moment the arc is quenched; 


os 
| 


v 
62 = inductance of the surge generator part; 
ae inductance of the oscillatory circuit part; 


Formula for the parallel system. The generator current by and 
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oscillatory circuit current 1 can be found from the formulae 


oc 
— F max din\GaPee beseye (A4) 
OLeg e sd ? 
U 
be “aL, ot ek . (A5) 


The recovery voltage, without including power losses, can be found 
from the expression: 


Loc 
Urge z + (Emax —U ep) ae (1 —cos of). (A6) 


The balancing current tp and capacitor voltage Uc can be found by 
transforming expressions Al and A2 to suit the parallel system: 


ug =— — cos (ot + &) e—* 4+ (A7) 


cosé 


PE iee (1 jaa ) cos wet e*; 


dyn = / max. g Sin (wt + &) e—*? — 


l cos (A8) 
ee 1 —dt 
Vises ( + ; )sino,te : 
; max 
where max. g Ole, : 
oc 
n= P 
& . 
u 
f= sin7! 


- the phase angle between i_ and i; 
max. g 8 


*bo - the initial value of the balancing 
current which is equal to the instan- 
taneous value of i. at the moment the 
arc is quenched in the test breaker. 


Translated by O. Blunn 
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THE NEW NINE-VALVE SIX-PHASE RECTIFIER UNITS* 
L.S. FLEISHMAN 
(Uralelektroapparat ) 


(Received 31 January 1961) 


Some time ago the electrical works “Uralektroapparat” in the U.S.S.R. 
made a large 3300 V 12-valve rectifier unit for Soviet railways which 
was quite original in that two valves were connected in series in each 
phase. Its rated output was 10,000 kW and this compared very favourably 
with foreign 24-valve units with rated outputs of up to 8000 kW. 
Furthermore, it was as efficient as any other existing unit, it saved 
material (5.3 kg per kW instead of 7 to 13 kg per kW) by the greater 
output of the individual valves, and only one TMR U-6200 type trans- 
former was required instead of three of four TMRU — 1600 type trans- 
formers [2]. 


One of these units has been in service for two and a half years at a 
traction sub-station on the Omsk railways and no arcbacks have occurred. 
The average daily output was 8350 kW and the peak output 16,000kW. The 
average output over five-hour periods of continuous operation was 
12,000 kW. More than a hundred such units are now in use on the rail- 
ways and arcbacks have been almost completely absent. 


However, experience has shown that these units have excess capacity 
as regards valve strength and current. This could be used to increase 
rated outputs up to 15,000 and-20,000 kW, but there is no demand for 
such large units. It is therefore proposed to take advantage of the 
increase in power and improved reliability and produce low cost recti- 
fier units which can also be used in other branches of industry Baie 
The results of tests on the new nine-valve unit [3] are given below. 
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The main circuit of the nine-valve unit is shown in Fig. 1(a). It 
will be seen from a comparison of this circuit with that of the original 
-twelve-valve unit in Fig. 1(b) that each valve of the cathode group in 
the twelve-valve unit is supplied from two valves in the anode group. 
The performance of the valves is illustrated in Fig. 2, from which it 
‘will be seen that the valves of the cathode group conduct current twice 
in each period so that the mean value of the current in these valves is 
twice that in the valves of the anode group. The reverse voltage is 
also applied to each valve in the anode group twice in each period for 
a time defined by the angle (60-Y)°. 


The reliability of the two systems will now be considered. 


If a cathode spot occurs on the anode of a valve in the cathode 
group, an arcback current can only flow if the cathode spot arises 
simultaneously (more exactly, within the limits of the time of the 
existence of the cathode spot) on one of the anodes of two valves in 
the anode group connected to it. Consequently, the probability of arc- 
backs in the twelve-valve or nine-valve unit is definable as the product 

of the probabilities of cathode spots occurring on series-connected 
valves [4]. 


Fig. 1. The nine-valve (a) and twelve-valve 
(b) rectifier systems. 1 - anode group of 
valves; 2 - cathode group of valves. 


However, other things being equal, arcbacks are only half as likely 
in the nine-valve unit because an arcback will occur in the twelve- 
valve unit if a cathode spot should occur say on the anode of valve 1’ 
and simultaneously on valve 1, whereas in the nine-valve unit the 
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cathode spot must occur on the anodes of valves 1 and 4°, 


If the cathode spot first arises on the anode of a valve in the anode 
group, say the anode of valve 1, then the other valves except 4, which 
is in counter-phase with it, can only take part in the arcback if a 
cathode spot also arises on the anode of the valve 1’. Consequently, 
even in this case, the probability of an arcback is definable by the 
product of the probabilities of cathode spots on the anodes of series- 
connected valves. But valve 4 is a different matter which must be con- 
sidered in more detail. 


Suppose a cathode spot occurs on the anode of valve 1 at the instant 
ty Valve 4 cannot feed the anode of valve 1 before the moment t 
since its anode still has a negative potential (Fig. 2a). After the 
instant to valve 4 cannot feed valve 1 if a control pulse is fed to the 
grid of anode 4 at the instant ts at a slightly advanced angle relative 
to the natural angle of ignition. This condition has to be satisfied 
by an appropriate phasing of the pulses relative to the anode voltage 
with the angle advanced between 3 and 5°, as read from the instant tg. 
Partial arcbacks will only occur if the cathode spot on the anode of 
valve 1 occurs after the anode of the counter-phase valve has fired, or 
if the cathode spot precedes the firing of the counter-phase valve. 


In rectifiers with controlled grids, by far the largest majority of 
arcbacks occur on the “front” of the reverse voltage [5]. Some experts 
consider that arcbacks other than on the front of the reverse voltage 
are only possible if the vacuum is bad [6]. The commutation angle is 
about 45° for actual commutating inductances and overloads of 4500 A so 
that the angle is behind about 15° up to the moment the counter-phase 
valve is ignited. However, there is very little time for cathode spots 
to exist if there is no supply of energy. Consequently, there is prac- 
tically no difference in reliability between the twelve-and nine-valve 
units if the cathode spot occurs on the front of the reverse voltage**. 
Only in relatively rare cases when cathode spots occur with the “ampli- 
tudinal” value of the reverse voltage across the' valves in the anode 
groups will partial arcbacks take place. 

Fn a Dg sy ae Ys i es 
* It is assumed that the probability of arcbacks on the three valves of the 
cathode group in the nine-valve unit is equal to that on the six valves of 


the cathode group in the twelve-valve unit, for the valve current is the 
same in value in both units. 


** In principle the probability of an arcback in twelve-valve units is 1,5 to 
2 times less, but this difference has no practical importance in series- 
connected systems. 
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The full and partial arcback currents will now be compared 


Utevskii has shown that the arcback currents of three-phase recti- 
Fication systems can be determined by the following differential equa- 


tion which holds good if the anode on which the cathode spot arises is 
mly supplied by one valve: 


V3U,, + 2b, 5 +2r,i=0, 


Bere Uoax is the maximum value of the phase voltage, L, the inductance 
xf the phase, and r 


A the resistance of the phase. 
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Fig. 2. Curves of the rectified voltage (a) and 


the anode currents and reverse voltages of valve 
1(6), valve 4(c) and valve 1’ in the cathode 
group (d). 


With a partial arcback, the arcback current is found from the equa- 
tion 


at 
QU tal, B+ 2ri=0. 
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The impedance of balancing reactors and the arc voltage of the 
valves can be ignored. The four fold value of the circuit inductance ~ 
is explained by the fact that the partial arcback current flows through 
transformer windings which are disposed on the common core of a magneti: 
circuit and, consequently, their total reactance is proportional to the 
square of the number of turns*. 


Full arcback currents may be calculated by Utroskii’s equations (71. 


a4 
Teal ll 
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Fig. 3. Full and partial arcback currents. 


1 — full arc-back current; 2 and 3 -— components 

of the full arc-back current; 4 —- partial arc- 

back current; 5 and 6 - anode phase voltages 

determining the partial arc-back current; 7 - 

line voltage determining the first component of 
the full arc-back current. 


The relative values of full and partial arcback currents are shown 
in Fig. 3. It will be seen that the current of a partial arcback is — 
about 40 per cent that of a full arcback and, consequently, the e.m. f.’? 
acting on the transformer windings are reduced to about 16 per cent. 


It should also be mentioned that with partial arcbacks the current 
and e.m.f.’s are also substantially reduced by the zero sequence im- 
pedance which appears due to the current flowing through the transform 


* Secondary windings of transformers are made so that their leakage fluxes can 
be ignored. 


% 
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Windings on a single core when the primary Windings are star-connected. 


The curves in Fig. 3 also show that the current of a partial arc- 
back is maintained for about 270° under the most unfavourable conditions 
for which arcbacks can occur. The intermittent nature of the current 
must be due to the automatic-elimination of partial arcbacks during a 
‘time less than one “period” which prevents breaks in the supply of 
fenergy. 


It is worthwhile studying the distribution of the total reverse 
‘voltage between the series-connected valves in the nine-valve system. 
‘Fig. 2 shows the reverse voltages as calculated by formulae obtained 
‘from the equivalent network in Fig. 4 for the condition when all the 
valve impedances are equal. In the calculation it has to be borne in 
mind that the valve cannot sustain the forward voltage for a period of 
time equal to that taken for the control capacity of the grids to recover. 
‘Therefore, as will be seen from Fig. 2, the reverse voltage on valves in 
‘the anode group at commutation angles less than 19° appears gradually 
and even with a slight delay. The curves have been corroborated by 
oscillograms taken on a Scale model using T-235 type thyratrons. In 
water-cooled mercury arc rectifier systems the cathode valves are 
‘shunted by the resistance of the water and, as a result, the reverse 
voltage diminishes and slightly alters the shape ot the reverse voltage 
on the anode and cathode valves. 


It is already known that each cathode valve conducts current twice 
in each period and therefore two triggering pulses are also required in 
each period. Fig. 5(a) shows how this can be done by a grid circuit 
with a peaking generator. Two impules are supplied in each period by 
connecting the counter-phase windings of the peaking generator in paral- 
lel via semiconductor rectifiers which suppress the negative impulse. 
The grids of the valves in the anode group are supplied in the conven- 
tional way. Fig. 5(b) shows a simplified system using a grid trans- 
former (the control impulses are sinusoidal). 


_ The circuit impedances must be made such that the arcing of the grid 
extends about 120° for each half-wave of voltage. 


In addition to tests on scale models, tests have also been carried 
out in the works laboratory and hy the Omsk and October railways jointly 
with the MPS Central Research Institute on the automatic elimination of 
artificial partial arcbacks. Ordinary service tests have also been made. 


The artificial partial arcbacks were produced by firing a valve which 
was connected “counter-parallel” to one of the anode valves. The tests 
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showed that no partial arcback current flowed when firing the counter- — 
parallel valve in the period of time to-ty- On applying a triggering — 
impulse to the grid of the counter-parallel valve, a partial arcback 
current only began to flow after the instant to. Its maximum value 
reached about 8350A. The partial arcback current roughly corresponded 
to an angle of 270°. Under the same conditions, full arcback currents 
were about 22,000 A. In these tests the rectifier was supplied from 

- two TMRU-6200 type transformers with delta primary windings. 


J 
; 
4 


Us ot. rev. 1 ~) (~) U tot. rev. 4 


Fig. 4. Equivalent circuit for the distribution 
of the reverse voltages. 
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In a second series of tests the partial arcback currents reached 
4200 A with the rectifier again supplied from the same transformers 
with delta windings. The large difference in the partial arcback cur- © 
rents can be explained by the fact that the TMRU-6200 transformer in th 


second test was supplied through a TDNG-15,000/110 step-down t ransformel 
the reactance of which further reduced the current. 


ahi nue par tiem Snell ilo bade, 


As sovuu as the partial arcback current began to flow, ‘the total . 
reverse voltage was applied to one of the valves in the cathode group | 
when it was conducting. When such units are used on electric railways — 
the valve receives a reverse voltage of 7500 V at currents of 2000 A or 
more. If the conditions are so severe that the valve cannot sustain — 
them even for one period, the partial arcbacks will change into full | 
arcbacks and the multiplication rule for the probabilities will no 
jonger be valid, ‘the capacity of cathode valves to sustain such con- — 
ditions was tested by artificial partial arcbacks in a “contact network’ 
(with overhead wires?) at loads up to 3000 A. Fig. 6 shows one of the 
oscillograms of artificial partial arcbacks caused at the instant whea 
the reverse voltage was initially a maximum. ol 


Several dozen artifical partial arcbacks were produced in all, and i 
every case they were automaticaly eliminated, i.e. they took place with. 


causing any of the protective gear to operate and without disconnecting 
the unit. ‘ah : 
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The service tests on the reliability of the unit were carried out in 


‘April 1960. ‘The test unit was composed of two ARMNV-750 x 6-P rectifi- 


ers assembled according to the nine-valve system. The unit was tested 


’ for 140 hrs. Its mean output was 5,700 kW, and its peak hourly sei ie 


10,000 kW. The largest current reached 3600 A. Seer 


During the tests 15 partial arcbacks were registered and all were 


; automatically eliminated. There were no ful] arcbacks. 


Fig. 5. System of supplying control pulses 
to valves in the cathode group. 


The same unit was subjected to another series of tests in July 1960 
in order to check whether the probability of partial arcbacks could be 
reduced further and to accumulate more experience of service con- 
ditions. On this occasion the angle of advance of the goto in the 
anode group of valves was reduced by about 15° to roughly 5°. The mean 


output of the unit rose slightly to 5860 kW. A lengthy period of 


service (over 900 hrs) showed that its overload capacity was high. The 
peak rectified current reached 4500 A and the hourly output 12,000 kW. 
The temperature was held at 30 to 45° C during service. Five full arc- 
backs occurred at intervals of a few hours during the service tests. In 
every case it was found that the flow of water had ceased through some ~ 


_ of the valves owing to air locks but there were no full arcbacks after 


changing over to different heat exchangers. There were also five partial 
arcbacks and three were automatically eliminated, In the other two 

cases the partial arcbacks were accompanied by the tripping of the oil 
circuit-breaker; the high-speed cathode breaker, polarized to the re- 
verse current, remained connected. ‘These two cases can apparently be 
explained by the re-occurrence of partial arcbacks in two adjacent 


_ periods on the same or other anodes of valves in the anode group. 


It is important to point out that no full or partial arcbacks 
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occurred during maximum loads, which is further evidence of the high 


overload capacity of the unit. The service tests showed that a re- ; 
duction in the angle of advance from ‘about 20 to 5° reduced the fre- 
quency of arcbacks by more than an order of one. ‘ 


Fig. 6. Oscillogram of an artificial partial : 
arc-back: 


1 — impulse triggering the counter-parallel 
valve; 2 — the partial arc-back current; 
3 — the total reverse voltage. 


Conclusions 


1. Thenine-valve rectifying system permits the development of 
rectifier units on the basis of the existing RMNV-type valves with a 
rated output of 10,000 kW and a voltage of 3300 V which are capable of 
operating at hourly outputs of 12,000 kW with peak outputs of 15,000 kW. 
The majority of traction sub-stations may therefore be equipped with 
one large unit which considerably reduces costs. 


2. Compared with the twelve-valve units, the new system saves about 
25 per cent on the weight of the rectification plant and control cabinet 
without affecting the rated output or overload capacity of the unit. The 
efficiency of the nine-valve unit when operating with TMRU-type trans- _ 
formers is hardly inferior to that of the twelve-valve unit and at 
loads of 0.75 or less its efficiency is higher than that of units with- 
out valves connected in series. 


3. The rated mean output of each valve in the nine-valve unit is 
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1100 kW compared with 825 kW for the twelve-valve system and 333-412 kW 
for foreign units. 


The new unit is also more reliable than foreign units. 


4, There is no real disadvantage involved in designing the valves in 
cathode group for currents double those in the anode group, at least as 
far as voltages of the order of 3000 V are concerned, since valves are 
only required for mean currents of approximately 1000 A. It will be 
appreciated that there is no great difficulty involved in producing 
such valves if it is borne in mind that the effective anode current in 
the nine-valve system is less than that in the original system by a 


factor of y 2 and that its amplitude is only half as much. 


The stated test results show that the valves produced by “Uralelek- 
troapparat” satisfy these requirements. Valves of 1000 A are also 
produced abroad. Furthermore, the series connexion of these valves 
means that means that they need only satisfy requirements as regards 
thermal stability. Their strength need not be nearly so high, for they 
only have to sustain the total reverse voltage and take overvoltages into 
account. : 


5. It is expedient to use nine-valve units in those applications of 
mercury arc rectifiers where (1) it is more economical to use plant 
with the two reverse star system (AY) and a balancing reactor than gear 
with the three phase bridge system;~ (2) where the production of double- 
current cathode valves presents no difficult technical problems; (3) 


~ where it is otherwise impossible to obtain the required power in one 


compact unit without series connexion. 


Translated by O.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.5, 1961 


Control engineering 


The motor drive of a rolling mill reeling machine with an 
astatic regulator for strip tension. F.F. Olefir, et al., 
(pp. 23-30). 


A description is given of the motor, reeler and regulator which have 
been developed for a five-stand mill for the continuous rolling of 
cold-rolled strip. The new system features constant strip tension 
whent he mill is at rest, tension is. maintained at low speeds, motor 
current is constant from starting to stopping of the reeler and the 
speed of the roller is adjusted to the diameter of the roll. 


The motor drive of the flying shears in continuous billet 
mills. M.Ya. Pistrak et al., (pp. 31-38). 


The gearing and special cutting devices used in the flying shears on 
Russian billet mills are described. It is claimed that this system 
is superior to Western electrically speed-balanced shears when 
billets are standardized to one or two lengths. A study is also 
made of the system of synchronization: 


Insulation 


The maximum electrical field strength of the paper-oil 


insulation of gear used in d.c. transmission. G.S. Kuchinskii, 
et al., (pp. 64-68). 


A study is made of the electrical insulation of current transformers 
and isolators on 400 kV d.c. transmission lines with particular 
reference to the sharp edges of electrodes and ionization. 


253 


254 Abstracts 


The e.m.f. induced by the radiation of dielectrics. 
N.G. Drozdov, et al., (pp. 68-69). 


An account is given of the measurements which have been taken to 
establish the magnitude of the e.m.f. which can be caused by low- 
energy X-ray radiation of dielectrics. It is claimed to be of the 
order of 0.1 V. The mechanism whereby much larger e.m.f. have been 
measured is explained in terms of the effect of a high voltage in 
which the specimen is regarded as part of the dielectric surrounding 
the X-ray tube. 


The electrical strength of mica in impulse tests in vacuum 
V.A. Dubinskii, (pp. 71-73). 


Various tests which have been carried out to determine the electric 
strength of mica splittings in vacuum are described. In one test 

the splittings were boiled in carbon tetrachloride, in another the 
surface of the splitting was roughened by applying a processed 4 
coating of anhydrous MgO and in another test the splittings were 
subjected to intense ultra-viuvlet radiation. The effect of anneal- 
ing in hydrogen is also considered. 


Power systems 


The optimum spacing of supports for overhead aluminium- 
sheathed cables. V.V. Bolotin et al., (pp. 9-12). 


Tests and a mathematical analysis show that the best results are 
obtained by spacing the brackets of overhead aluminium-sheathed 
cables 4 to 7 m apart. 


The conductivity of reinforced concrete piles for the 
pylons of 154-500 kY transmission lines. N.P. Katigrob, 
(pp. 13-15). 


An account is given of research into the footing resistance of 
reinforced concrete piles for the pylons of 154-500 kV transmission 
lines. In clayey and clayey-sandy soil the resistance has been 
found to be somewhat less than 10 ohms. 


Rectifiers 


The steady state electromagnetic phenomena in a full-wave 


rectifier with a centre-tapped transformer. A.M. Utevskii 
et al., (pp. 16-23). 


A graphical-analytical study is made of the relationship between 
the operating conditions, operating characteristics and rating of 
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rectifiers and the type of load and supply scheme. 


A semiconductor power relay. V.1I. Grinshtein, (p. 70). 


A prototype power relay is described consisting of a phase com- 
parison circuit and an executive device in the form of a two-stage 
transistor amplifier with a polarized relay at the output. Its 
performance is claimed to be superior to inductance relays. The 
relay is light in weight and compact in design. 


Rotating machines 


A method of determining optimum frequency for small 
induction motors. I.P. Fil’, (pp. 44+47). 


A mathematical method of determining the optimum frequency is 
proposed and close agreement is obtained with test results. The 
implications for smal] enclosed motors and motors for manually- 
operated mining drills are considered. 


The geometric Loci of induction motor currents when the 
frequency is variable. G.M. Kirichek, (pp. 48-52). 


A graphical-analytical method is proposed for plotting the geometric 
loci of induction motor currents for the general case when the vol- 
tage is proportional to the frequency. 


The conditions under which three-phase windings of elec- 
trical machines will set up a circular rotating magnetic 
field. © .G: Fainshtein, (pp. 62-63). 


The author shows. that there exists a number of combinations of 
three-phase winding systems and currents which will forma rotating 
field. Expressions are also obtained for an elliptical field. 


CRITERIA® OF ELECTRIC ORE-SMELTING FURNACES* 
A.S. MIKULINSKII 


(Institute of Metallurgy, Urals’ Branch of the 
U.S.S.R. Academy of Science) 


(Received 20 March 1961) 


One of the main problems in the development of electrical ore smelt- : 
ing furnaces is that of increasing the output of the individual unit.: — 
This would make it possible to reduce the capacital outlay and running 
costs so much that it would be economical to produce even pig iron in 
certain parts of the U.S.S.R. The solution of this problem depends to 
a large extent on the development of methods of determining the optimum — 
parameters of furnaces. 


It has been established in previous papers [1,2,3] that the geometric 
and electrical magnitudes of electric furnaces should be fixed so as to 
ensure a particular energy distribution in the furnace.: It is an 
urgent problem to determine those criteria of the furnace which would 
ensure the same energy distribution in actual furnaces as in “specimen” 
furnaces with the best possible operating indices. This requires 
geometric and electrical similarity between actual furnaces and the 
“specimen” furnace. 


Furnace dimensions 
In two previous papers [1,2] it was proposed to use the diameter of 


the electrode as the determinative quantity for furnaces with circular 
electrodes. Geometric similarity is attained by observing the following 


* Elektrichestvo, 6, 33-38, 1961. 
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criteria: 


=f! (lay; 2=6' (1b); + =/' (10), 


where f is the distance from the centre of the electrode to the internal 
wall of the furnace, 6 the distance between the electrode centres, I the 
distance from the lower face of the electrode to the zone of compara- 
tively low specific electrical resistance (see diagram), and d the 
diameter of the electrode. 


Fig. 1. 1 - brickwork of furnace; 2 — melt; 
3 — level of charge; 4 — electrode. 


It has been established (4) by an analysis of the electrical field 
in a 2-electrode furnace that an increase in 6’ is accompanied by an 
increase in the current between the electrode T,. At values of b’< 
2.25 to 2.75 the value of T, remains practically constant. It there- 
fore follows that it is inadvisable to increase b’ above 2.25 to 2.75 
in order to reduce the current I. 


: The same conclusion was reached by Sergeev [5] and Platonov after 
measuring the electrical resistance on ® model where the slag was 


: imitated by water solutions and the molten metal by a metallic plate. 


For furnaces with square electrodes 
‘ Dea ' 1/2 
eer OC OR OE : (2) 


b 
where a2 ny is the section of the electrode and Pim is the ratio 


between: the largest and smallest sides of the electrode. 


Analysis of electrical fields [1,2] 


The secondary voltages in the furnaces can be determined by analysing 
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the electrical fields. The electrical conductance of the carbon lining 
of the furnace and live electrodes is taken to be many times greater 
than that of the charge. Thus the surfaces of its carbon parts are 
isopotential. 


It is known that the coefficients of the charge conductance are a 
function of pressure and temperature. In order to include them in the 
analysis it is assumed that they are constant in the horizontal section, 
whilst with changes in height they vary according to the equation 

—2h 
i= Ae >, 
where A’ and ar are the conductance coefficients of the charge over a 
height z and if z = 0 and A is a coefficient which includes the change 
in conductance with height. 


As a result of solving the Laplace differential equation, the current 
has been found as a function of the diameter of the electrode d and the ; 
extent of the sub-electrode space l. 


We require to find a formula for determining the furnace voltage. 
Suppose that the voltage Uo of the furnace at a current of 100 A with a 
uniform specific electrical resistance of the charge is equal to unity. 
With a specific electrical resistance of the charge in the lower part 
of the furnace p’ = 1, a radius r = 1 and a current I = 100 A,. we get: 


100—2U,, (3) 


where k’ is a coefficient which includes the geometric shape of the- 
electrical field (shape factor). 


The ratio of the specific resistances in the upper and lower parts of 
the electrode are: 


ates 


2Hh 
Sanuk 
Po : 


=e 


where H is the depth to which the electrode is immersed. 


The current I is found from the expression 


U Ud 
l=k — = , aceon 
m R k'm ae (4) 


where U is the voltage between the electrodes and the hearth, ma 
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coefficient which includes the effective specific resistance of all the 
charge, and R the total resistance. 


From expression 4 [2]: 


l 
U =k] oot yy Sete (5) 
or, putting 
Po =p 


km 


and bearing in mind that U = const, it is found that 


Equation 5 was found earlier [1,2] as well as in the paper by 
-Morkramer [6]. 


Since, 


jes end or a==p” +)": 
Se TJ ] 


V 3U (6) 
and putting A for all the constants, the following expression was 
obtained [1,2]: 

2/3 413. 
U=AU, (re) piegit, (7) 


To calculate the value of m it is useful to consider a linear 
conductor of length ly with a specific resistance p[7]. It is assumed 
that the electrical field is solely defined by one coordinate z over 
the height of the furnace. 


First case: ‘p=—p, (uniform conductor). The differential equation 
for the potential will be: 


d?U 


der 0. 


The boundary conditions are U=0 if z= 0, and U=1 if z =1, 
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The solution of the equation is 
anes 
G ie ie 
The current density is 


Second case: p= p,e°" (non-uniform conductor). The differential 


equation for the potential is 


The boundary conditions will be the same as before. The solution of 
the equation has the form: 


2hz 
U,= Se 
ew" — | 
The current density is 
| a ea ee 
a Ppdz per" at ie 


Comparing the values of the current density in the two cases, 


2hl 


or, putting 


we get: 


m= —— (8) 
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The criterion E.S. of electrical similarity [2,3] 


To ensure a given distribution of energy it is necessary to have a 
definite value 1’. To calculate the optimum value of 1’ it is necessary 
to include its functional relationship with some dimension. The dia- 
meter of the electrode will be used as such a quantity. 


The value of E.S. for furnaces with circular electrodes. The expression 
for the current density in differential form is 


; l 
j=—-grad U,. 
The left hand side of the equation corresponds to a stepped simplex 
Pe: 
1 
tes: are 
eee Sgn Taare (9) 


The right hand side of the equation corresponds to the stepped 
simplex Po: 


Uj Une Up 
seibilp ypede ad Blige 
pid” od 2 (10) 


Ta 


: The similarity criterion is equal to the ratio between the simplexes 
of equations (9) and (10) (1,7): 


Sp, Upd 
Es = Pasig ae (11) 
or 
Uh 
ES a Se DIN WE 
[P2745 (12) 


(11) only contains the specific electrical resistance of the charge 
materials or semi-products in the vicinity of the lower end of the elec- 
'trode, since it was shown in a previous paper [3] that the value of 
'this resistance was near to the effective specific resistance of the 
arc 


_us 
ttc hl? (13) 


where S and | are the section and length of the sub-electrode space. 
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The flow of current through the arc differs from that through the 
melt and in particular this manifests itself in a cathode and anode 
potential drop on the electrode surfaces adjacent to the arc. 


Expression (11) for the criterion £.S. only holds for a furnace with 
one electrode. For furnaces with two or three electrodes it is 
necessary to put MI in the quantity £.S. instead of I in view of the 
branching of part of the current between the electrodes. But since, 


it is found that 


Ud ier U;n,d cos ¢ __G4,c08 ¢ : 
Mig V3 Mig «> PUREE ie 


where Ur and U; are the phase and line voltages of the transformer. 


For a furnace with one electrode M=1, but for furnaces with two or 
three electrodes M is somewhat less than unity. 


Since under normal operating conditions between 4 and 6.per cent of 
the total current [3]is branched between the electrodes, it is neces- 
sary to take M = 0.95. 


The value of E.S. for furnaces with square electrodes. For such fur- 
naces the value of | is defined by the equation (1c). ‘The expressions 


for the other quantities have the following form: 


mr 1/2 ” 
Ry agry” Pky, 


ee eer 7 
Up,agni? 
SS ee (16) 
= ji 
eae (17) 


Thus, if it is assumed that the value of the multiplier aon \\" is 


equivalent to d, then the rest of the above conclusions remain un- 
changed. 
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From equation 17: 


and, consequently, for furnaces with square electrodes the expression 
for the criterion 


s Uh 
Es => —— = 
72 ;112, 


coincides with (12) for furnaces with circular electrodes and is more 
general than equation (11). 


The relationship between current and output [3] 


To determine the quantitative link between the stated quantities it 
is merely necessary to establish the voltage which would ensure an 
electrical field similar to the “specimen” field in the actual furnace. 


To establish the link between U or J and P use is made of equation 
(14) and the formula 


P= / 2U,/ cos ¢=k'U,/ cos 9. 
Here 


MP? 72, cs AQ M7 p'3 52/3 i113 


u, =A oS 
: i Pe 2 nce cos 


(18) 
| The quantities M and A are constant in furnaces of different power if 
| the same product is being produced. Therefore 


Bag fala alae ae 
l 123 cos 9 i 


U 


If it is assumed that 7 e 2nd cos are constant, then equation (19) 
will assume the form 


173 p1/3.2/3 
pl Md ca ae (20) 
Finally, if it is assumed that ep is also constant, then 


1/3 py 1/3 
Beef P. (21) 
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With an increase in power there is an increase in the depth of 
immersion of the electrodes and together with that an increase in the 
pressure exerted by the upper layers on the lower layers. Consequently, 
there is a reduction in the specific electrical resistance of the layer 
of the charge at the lower face of the electrode. In addition, the 
increase in pressure is instrumental in forming scum (crusts) in the 
furnace. Thus, the quantity p can be a function of power £13: 


Accordingly, 
o== M,P?.° 
Considering equation (18), 


M \23 18 
u— Ae tp 
Ne cos 9 


If y,, ?, j and cos ? are constant, then equation (21) can be 
represented in the following form: 


U,= Cy 1P" (22) 


In the same way it can also be shown that 


fA fo ee (23) 
[= Pe ed 2 (23a) 
[= Ag Pal AP (23b) 


The values of the coefficients Cor Cory 48 well as Ay to Agrr 
depend on the composition of the charge, the frequency and depth of 
stirring, the frequency of tapping and other factors. These coef- 
ficients can be found from practical data of the voltages and outputs 
of the furnaces which provide the best results. 


Comparison of calculations with operating data 


In published literature it is said that the value n in equation (22) 
is 0.5 for certain furnaces with different outputs. However, Kamentsev. 
[8] states that it is a question of a change in output in one and the 


same furnace, Curtis [9] also came to the same conclusion without any 
explanation. 
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Equation (21) can be represented in the form 


pis 


1/3 
U = Cow jae P ° 
Since d = const and IJ =F in the case under consideration, it is 
found that 
0,5 
G=Cy iP . (22a) 


The value of ES with p and d constant corresponds to the equation 


U 
7 =const. (22b) 


Thus equations (22a) and (22b) hold good for furnaces with the same 
method of production and electrode diameter. 


The correctness of the foregoing relationships for furnaces with the 
same electrode diameter at different outputs does not contradict equation 
(21) or equations (23) and, being a special case, it actually confirms 
them. In view of this, it must be acknowledged that the conclusion of 


certain authors that the value + cannot be taken as constant if d 


varies at the same time as U, but that it does not hold if the latter 
quantity remains constant when U and I vary. 


It was pointed out in a previous paper [3] that the order of n in 
equation (22) can be less than 0.33. One of the reasons for the de- 
crease in the order of n with increasing output is that j decreases in 
this case. The value of n can be influenced appreciably by this change 
under certain circumstances. 


Consider the following example by way of illustration. Using equa- 
tion (21), the valne of n is found from the expression 


us Ja 
= 0,33 10g = 
: wok U; og hi 


bs cued, 
log Pi log P, 


According to the LKB project of the Electrical Furnace Trust, the 
value of j is 4.4.and 5.5 A/em? in 16,500 and 7,590 kVA furnaces res- 
pectively. A difference of 0.09 in the value of nr is brought about by 
including the second term in the last equation. It is natural that if 
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n = 0.33 when j and other terms in equations (18) or (20) are equal, 
then the value n will be 0.33-0.09 = 0.24 when only one multiplier is 
included, namely, the difference in the value of j. 


Consequently, other published equations with other values of n than 
0.33, are special cases of equation (21). 


The following conclusion can therefore be drawn. Assuming that 
eat is constant in equation 22, which only corresponds to certain 
special cases, then n will no longer be 0.33, it wili generally have a 
lower value, but in individual cases it can have higher values (for 
example, if j or the specific resistance of the charge increases with 
increasing power). 


Since the coefficient cp;,;, is not a constant quantity (1,2,3], 4t is 
recommended that the value of this coefficient and the value of n 
should be found from two furnaces with different outputs. 


More accurate values of ES and UL, 


The next step in refining the criterion ES is to include the specific 
properties of the arc discharge in the circuit for which the following 
relationship holds good 


; U=a+5l, 


where a is the drop in arc voltage at the electrode which depends in 
particular on the nature of the vapours in the sub-electrode space 


(this value differs depending upon the technological design of the 
furnace). 


For a 100 kVA carbide furnace the expression for U can be written 
‘with averaged coefficients [10]: 


U=15.5-+3.41. 


Under normal operating conditions 4 to 6% of the current is branched 
between the electrodes [4]. Therefore, in the subsequent calculations 
it can be assumed that the greater part of the current in ore smelting 
furnaces flows through the arc and charge or the melt in succession. 
Furthermore, in view of the closeness in value of p and Purr , the 
voltage drop in the charge and the melt can be written in the form 


U=a+lp—. 
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Consequently, the voltage drop in the melt and charge is 


This new expression for ES differs from the previous one in that the 
term U-a is written in the first instead of U. 


It is more convenient to express the value of Usa in terms of Pva: 
_It is found like Uy = f(P) in the way shown above, e.g. by equations 
(12), (18), (19), (20) and (21). Consequently, 
eplloe 
(app uly: (24) 


The following expression can be used instead of 24 


n 
Wa AyPya: (24a) 
Since 
Pva Uva 
Py Oh 


it is found that 


13 uve 2/3 1/3 

a ve ; 

Uva a Anya Dota ty 
vd ; 


or 


Bak Wey a= Ay Pp}. (25) 


In large furnaces a <—U and therefore when calculating them it is 
necessary bear in mind that the term ue a aon, It is therefore 
possible to solve equation (25) by trial and error if a is assumed to 
be a small parameter. As a result 


og plas sis 2a. 
cs Mr 


2 ; 
Uy =z a AP”. 


268 : Electric ore-smelting furnace 


Current density in the electrode 


It will be seen from equations (7) and (21) that it is necessary to 
increase j to increase U. An increase in j above a certain value is 
not permissible because the electrode can get much too hot or un- 
favourable coking conditions can arise. The need to include this 
factor has been dealt with by Alekseev [11]. 


An attempt will now be made to establish the link between j, P and d 
on the condition that the thermal balance of the electrode is preserved. 
One side of the balance contains the item qy for the generation of heat 
owing to the transmission of current through the electrode and 19 for 
the influx of heat from the arc to the lower face of the electrode, 
whilst the other side of the balance contains 73, the dissipation of 
heat through the side surface, 4 the heat necessary for heating, coking 
and vapourizing the electrode, and 5 the dissipation of heat from the 
lower face of the electrode to the electrode holder. 


The equilibrium equations are 
ry 40 uw nd? ia 
ky 1°, car k, -— ky edb — 
" cynd? w nd? 
— k,l kf = 0, (26) 


L 
byl*9, thy? — by dL — kdl — se =0, 


where L, p ,, c, Y and l are the length of the electrode from the lower 
face to the electrode holder, the specific resistance of the electrode, 
its thermal capacitance, the specific gravity, and the expenditure of 
electrodes per unit of time. 


Considering equations 6) and (23), 


2/3 2/3 prs b, prey 
Rij P Res j"3 Ex a iiss 


RY ca fe a a 
Fhe Vegi . 


Equations have been published which establish the link between d and 
Por I. It will now be shown that these relationships can be found if 
the items 19 %4 and qs, are ignored in equations (26). 
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However, there is no foundation for ignoring these terms and in 
particular the item qo: It therefore remains for the assumptions under- 
lying the following relationships to be verified at a later date in 
order to see whether they correspond to operating data and.;to find out 
whether further refinement is necessary. 


If Io» 14 and q, are ignored, then equation (26) takes the form 


pes erg =k Po, (27) 


Platonov [12] obtained a similar formulae from other considerations 
for furnaces with a constant specific power, i.e. the supply of power 
per unit area of the hearth for which we put g¢. 


Ignoring Gor %4 and 1s it is found from equation (26) that 


=WNd. (28) 


j= 


N 
re (29) 


It should be pointed out that Kelley’s [13] empirical equation has a 
similar form 
j— 250d"? (29a) 
where j is expressed in amperes per square inch and d in inches. 
But equations (29) and (29a) are only approximate. 


: The relationship between I and d can be established from equation 
(28): 


fond. (30) 
It must be mentioned that there is only any point in determining the 
empirical coefficients in accordance with equation (26) to (30) on the 
basis of the furnaces’ operation where the values of j correspond to 


electrodes with the optimum thermal balance. 


It has already been shown [3] if the criteria of electrical and 


a 
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geometric similarity are observed, that 
fee Nj! P? cos p65. (31) 


Assuming that j and cos ¢ are constant, equation (27) is then ob- 
tained. Considering equations (21) and (27), it can be inferred that 
the voltage U if g = const is equal to 


1/3 pl ma 


Thus, equations (27) to (30) and (32) correspond to a constant g if the 
electrical and geometric similarity is observed. 


Since expressions (27) to (30) ignore certain items in the thermal 
balance, it should be pointed out that Morkramer [6] recommended that th 
following relationship should be used: 


fs — 20d"”, (33). 


But an error was committed here in that he took a constant g along 
with this equation. It has already been established that equation (30) 
should have been used in this case instead. Incidentally, taking 
equation (33), 


U= cP, 
It is necessary to find expressions for the relationships between j © 


and the other quantities for square electrodes. As before, the only 
items of the balance which are included are q,, 9, for p,: 


My 
[2h (ay +6) Ls 


Aody a 
4 
[? 
9 =hyoQ, (1 i ny). 
Aplty 
Since, 
fe | 
J/= ay, ? 


it follows that 


Apis 


j=Reg arc (35) 
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To ensure the maximum values of U with increasing P, it is necessary 


-0 enlarge the heat dissipating surface of the electrodes. For 
*xample, it is possible to increase the power within limits without 
changing the thickness of the electrode (retaining the dimension a9)- 


The relationship between the electrode dimensions ay, Ng and I 


follows directly from equation (34): 


fhe” In, Cony) (36) 
Translated by O.M.- Blunn 
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Purpose, construction and operating principle 


Modern aircraft use d.c.and stable frequency a.c..systems of elec- 
trical supply at the same time. In the majority of cases the d.c. 
source is a d.c. generator driven by the aircraft motors at a wide 
range of speeds. In order to obtain stable frequency a.c. in this case 

use is made of dynamo electric converters (motor-generators), provided 
with automatic voltage and frequency regulators. 


If the consumption of a.c. is relatively large, it is better to use 
special generator plant for generating stable frequency a.c. at various 
running speeds of the primary motor. Such generator plant can be a 
synchronous generator with a hydraulic drive, a synchronous generator 
with an electromagnetic clutch, a twin-machine system consisting of a 
_d.c. generator and a single-armature converter besides other types of 
plant and dynamo-electric systems [1-5]. 


There is also a need to generate stable frequency a.c. at a wide 
range of rotational speeds in other branches of engineering, such as 
wind-driven power stations, small hydro-electric power stations with 
-non-controlled turbines, new types of railway passenger cars etc [1-4]. 


The general disadvantage of known types of aircraft systems of 


* Elektrichestvo, No.6, 38-44, 1961. 
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generating stable frequency alternating current for varying rotational 
speeds is that the mechanical power of the primary motor developed by 
them is subject to a two-fold and even three- fold conversion. The 
efficiency of the system is therefore low and its weight is relatively 
large per kVA of output. 


In this paper a study is made of a new system which is intended for 
the simultaneous generation of direct and stable frequency a.c. for 
varying rotational speeds. It consists of a special twin-generator 
unit with two automatic regulators and a single-armature converter of 
comparatively low power. The system is relatively light in weight and 
it is highly efficient, since more than 85% of the electrical power is 
obtained direct from the twin-generator unit and only a small propor- 
tion of it is converted in the single-armature converter. The system 
can be used for any ratio of the powers consumed in the a.c. and d.c. 
networks, and even in extreme conditions when only a.c. or only d.c. is 
being generated. 


Font] Poe Ls Si 


ne 
) a Na] 
ei es . fl 


SOOO mo ae set 44 


Fig. 1. Construction of generator unit. 


Fig. 1 illustrates the construction of the unit and Fig. 2 the main 
circuit of the connexions of the unit’s machines with the single- 


armature converter SC, the voltage regulator VR and the frequency regu- 
lator FR. 


The generator unit consists of an electromagnetic slip clutch with 
an excitation winding 3 and a three phase winding 2 which is connected 
to the contact rings on the primary shaft i, and a three phase synchro- 
nous generator with a rotating inductor 4 and a fixed armature winding 
5. The d.,c. supply of the excitation windings is via three contact 
rings on the secondary shaft of the unit 6. 
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At a rotational speed ny of the primary shaft 1 the first machine of 
the unit 2 simultaneously operates as a synchronous generator supplying 
the a.c. network and as a clutch rotating at a speed No the synchronous 


generator connected via rectifier 7 to the d.c. network. From now on 


we will refer to the second machine of the unit as the restraint genera- 
tor. 


Depending upon the relationship between the power consumption in the 
a.c. and d.c. networks and the rotational speed of the primary motor, 
the balancing single-armature converter can convert d.c. into a.c. or 


a.c. into d.c. and under no-load conditions it can operate with supply 


from both ends, 


Fig. 2. Electrical connexions of machines and 
system regulators. 


The frequency of the a.c. is stabilized at different running speeds 
of the primary motor and different loads by the automatic frequency 
regulator FR which varies the excitation current of the restraint 
generator. The frequency of the alternating current F depends upon the 
the number of pole pairs p and the difference between the speed of the 
driving and driven parts of the clutch. 


To maintain the frequency stable it is necessary to maintain a con- 
stant speed difference between the driving and driven parts of the 
clutch since 


__ P(r, — n,) 
be eapie (1) 
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Under steady state conditions the moving magnetic moment of the 
clutch is equal to the sum of the electro magnetic moment of the res- 
traint generator and the moment of friction of the driven part of the 
clutch. If there is no frequency regulator, an increase in the active 
load ona.c., adecrease in the d.c. loadand a reduction in the rotational 
speed of the primary motor ny will cause adecrease in the speed difference 
myo aud the frequency owing to the balance of the moments being upset. 
In order to maintain the frequency constant under these conditions it 
is necessary to increase the torque of the restraint generator by a 
corresponding increase in the excitation current. In the opposite case 
it is necessary to reduce the torque of the restraint generator by 
decreasing its excitation current. 


The frequency is automatically stabilized if there is a frequency 
regulator FR connected as in the circuit in Fig. 2. 


It will be seen from Fig. 2 that the voltage in the a.c. network is 
stabilized by regulating the excitation current of the electromagnetic 
clutch by the automatic voltage regulator VR. 


The main circuit in Fig. 2 shows the voltage and frequency regulators 
in the form of conventional angle regulators as used in aircraft supply 
systems. Other types of automatic regulator could be used instead, 
including regulators with magnetic amplifiers which may be more reliable 
and convenient in use. 


Relationship between machine output and 
system efficiency under different operating conditions: 
approximate weight of the system 


The mechanical power from the primary motor to the primary shaft of 
the generator unit Pal is partially converted in the electromagnetic 
clutch, as in a conventionai generator, to electrical power P.,. The 
rest of the power is transmitted to the secondary shaft of the unit in 
the form of mechanical power Pio in which case 


tts SUP ye mn 
i ail Fel ea eM a (2) 


The electrical power of the clutch including the losses in the armature 
circuit and magnetic system is 


P cae 2) A ee se m (ny — 
et tg Ao AR iat ae sb ans (3) 
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where Mol is the electromagnetic moment of the clutch, Nyy No the 
rotational speeds of the primary and secondary shafts, a3, the con- 
ditional efficiency of the restraint generator with the losses in the 
rectifier, the excitation circuit of the clutch and the friction losses 
of its driven part all included, jae the electrical active power of 
the clutch, AP, rn the electrical losses in the armature winding 
cirmit, A Pret the iron losses in the magnetic circuit of the clutch, 
Ny the conditional efficiency of the clutch as an a.c. generator with- 
out the losses in the excitation circuit and the friction losses of its 
driven part included, and Po the useful power of the restraint genera- 
tor. 


The relationship between the d.c. power and the active a.c. power 
given off by the restraint generator and clutch respectively can be 
obtained from equations (2) and (3): 


=kn,, (4) 


“where N,==Nn,—Nn,= const is the nominal difference in rotational 
Speed. ; 


It is presupposed that the active ae when the armature of the elec- 
tromagnetic clutch is greater than the active power consumed in the a.c. 
network Peer by an amount which exceeds the no-load losses of the 
single-armature converter. In this case the power consumed in the d.c. 
network rata is equal to the sum of the powers given off by the restraint 
generator Po and the single-armature converter eee Suppose that the 
unit of measurement is the total power consumed in the a,c. and d.c. 
networks Ree Lge) and that x denotes the relative power in the d.c. 
network. Then 


Pra Pat Pao = (Pat Pua): ’ 
Ps 
Pag = eee Poet — x) (Park Pia) (6) 


The joint solutions of equations (4)'to (6) gives the following 
expressions for the outputs of the electromagnetic clutch Pia the 
restraint generator Py and the single-armature converter Paes 


Pp __ (= tee) + Ise] (Pua + Prd), 


r Rig Hadad: m 
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Pao a OE tial ean on 
Rly + 7 ise 
[x (1 + ky) — kta] tise (Pa + Pod) 
tiga se eae on (9) 


Formulae (7) to (9) hold good for all unit operating conditions 
under which the single-armature converter converts the a.c. into d.c, 
i.e. with fe 0. 


It is presupposed that the output of the restraint generator is 
greater than the power consumption in the d.c. network by an amount 
which exceeds the no-load losses of the single-armature converter, 
whilst the sum of the active power of the electromagnetic clutch Pag 
and of the single-armature converter ee is equal to the active power 
of the a.c. network hes In this case the initial equations have the 
form: 


P se = 
Pgoebis ee =x(P 4+ Pag (10) 


a 


Pig Prat Pada = (1h — 4) Pao ae (11) 


As a result of the joint solution of equations (4), (10) and (11), 
to determine the active powers of the electromagnetic clutch, the 
single-armature converter, and the restraint generator, the correspond- 
ing formulae are: 


[¥(@nag— +1 (Pna+ Poa) . 


pow eo (12) 
p __ [kn —x(l+ kn.)| Nse (Pha = Prd) 

eco bilan cleext ibe We 
p bap Legg eh tevin ne cand) 


—_ kiigtge +1 (14) 


Formulae (12) to (14) hold good for all operating conditions of the 
unit when the balancing single-armature converter converts the direct 
current into alternating current, i.e. when Peace 

The efficiency of the generator unit with the balancing single- 
armature converter when the latter is converting a,c. into d.c. is given 
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. e 
by equation (15). In the other case it is given by (16): 


a5 Pac Nise er Pas ’ a 


P.M + 


any 
+(?. <2 “ise air Pose Natlse ’ (16) 


I 
Pat Pag 


where Ae as q, and 4, are the real efficiencies of the single armature- 
convercer, the first machine and the second machine. 


When the system is operating in the middJe range of speeds n, with a 
certain relationship between the loads in the a.c. und d.c, networks, 
the single armature-converter can operate under conditions of supply 
from both ends, consuming power equal to the no-load losses BP om 


In this case the total electrical power of the unit’s machine is 
equal to the total power consumed in both networks with the no-load 
losses of the single-armature converter included: 


Paar By = Poa Paar once (17) 
The outputs of the first and second machines of the unit, in this 


case in accordance with relationship (4), can be found from formulae 
(18) and (19): 


PnP nd KAP 3é>. 


ike a ahh) PE 18) 
Pi kn, +1 
p {nat Und + 4% ac) by 

a kna +1 : (19) 


The generator unit with a single-armature converter is not only 
suitable for simultaneously generating a.c. and d.c., but also for 
generating either a.c. or d.c. separately. The formulae for finding 
the power of the electromgnetic clutch, single-armature converter and 
restraint generator when generating only a.c. can be found from formulae 
(12) to (14) by substituting x = zero and Pi.q = Zero therein. 


If only «.c. is being generated, the appropriate formulae are ob- 
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tained from (7) to (9) after substituting « = 1 and Pg ™ ZENO, but 
this state of affairs has no practical significance. 


When only a.c. is being generated, the efficiency of the system is 
defined by formula (20), but when only generating direct current it is 
given by formula (21): 


Py Psca 20 

Ie =F 1p "aMige! (20) 
P Pe 

I= Po, at PM sc- (21) 


Fig. 3 shows curves for the relative outputs 


Pia Po 
Phat Pag’ Pa gat Pee 
Ps sc Pa.c.a 
Paid tPn.g 894 Pyig + Pa 


as a function of the rotational speed of the primary motor ny at x = 0.4 
Noy 0.7 to 0.8, Regan 0 to 0.76, iy = 0.92, and nNe=N;—No= 4800 
rev/min. 


The curves for relative machine outputs have been plotted from data 
calculated for a system intended for simultaneous supply of a 30 kVA 
a,c. network (f = 400 c/s cos g~= 0.75, and Pha = 22.5 kW) and a 15 kW 
d.c. network. 


The curve No gives the efficiency of the system at rated load, and 
the inclined straight line No the rotational speed of the restraint 
generator. It will be from Fig. 3 that the power of the restraint 
generator Po is increased by practically a factor of 2.5 with an in- 
crease in rotational speed ny from 6500 to 1300 rev/min and no from 
1700 to 8200 rev/min. Since the voltage of the d.c. network is practi- 
cally constant, it follows that the curve P, simultaneously defines 


the limits of variation of the current in the stator winding of the 
restraint generator. 


In order to reduce the theoretical dimensions and weight of the 
restraint generator intended for such operating conditions, it is 
necessary to change over the stator winding from the star system to the 
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delta system with an increase in rotational speed n, to 3200 rev/min. 


This changeover can be made by a 2-position 3 phase contactor with auto- 
matic control. 


The 20-30 kVA alternators used in modern aircraft without an exciter 
for theoretical speeds of 6000 rev/min weight no more than 1 kg per _ 
1 kVA of rated output (¢,,) = 1 kg/kVA). 
: Bearing these data in mind, the total weight of a twin-machine unit 


for Py = 30 kVA and Pad = 50 kW can be calculated quite closely by the 
formula 


Noy 


os 35.8 poem é 
— 6000 (q 800 +3550 )=85 ke. 


Pimx:, Po max 
Gp = Breit( n, Ey mas 


The approximate weight of the single-armature converter with a maxi- 
mum output of 5.65 kW at ea A = 8000 rev/min is about 9 kg, whereas the 
approximate weight of the germanium rectifiers can be taken as about 8 
kg at a maximum output of 22 kW. In this case the total weight of the 
system without regulators is 103 kg and its weight per 1 kVA of the 


total power of the a.c. and d.c. networks is 2.29 kg. 
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Fig. 3. Calculated characteristics of the system in 
a.c. and d.c. generation. 


Fig. 4 shows calculated curves for a system solely intended for an 
a.c. network with an output 30 kVA, f = 400 c/s at cos¢ = 0.75, 
n, = 6250 to 12500 rev/min nr, = 6000 rev/min and ny = 250 to 6500 
rev/min. 
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fo ensure the necessary restraint torque of the second machine in the 
unit. at n, = 250 to 1700 rev/min, provision is made for disconnecting 
the sinvle-armature converter from the network and the shortcircuiting 
ot the a.c. armature winding. In this case all the output is delivered ~ 
to the a.c. network only by the first machine, and the relatively low 
output of the restraint generator is dissipated in the form of losses in 
the armature windings of the converter and restraint generator, 


In the range of speeds No = 1700 to 3300 rev/min the stator winding 
of the restraint generator is connected in star, but if Noy = 3300 rev/min 
it is comected in delta. 


Fig. 4. Calculated characteristics of the system 
in the generation of a.c. alone 


In accordance with Fig. 4 the first machine of the unit must be 
designed for a total power in the a.c. network P, = 30 kVA at n, = 6000 
rev/min, the second machine for a maximum power Py = 11.25 kW at 
Nop = 3200 rev/min, The maximum power of the single-armature converter 
at A, > 12500 rev/min is 0,39 Regia kW, The total weight of the 
twin-machine unit of 30 kVA at cos @ = 0.75 is 49.5 kg in accordance 
with the formula given above. 


The total weight of a single-armature converter of 8.7 kW at ig 


= 8000 rev/inin and the set of germanium rectifiers for a maximum output 
of 11.25 kW is about 18.5 ke. 
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The total weight of the system without including the weight of the 
regulators and contactors if the foregoing changes have to be made is 
about 68 kg and its weight per 1 kVA of rated output is 2.27 keg. 


The weight indices of the dynamo-electric system are approximately 
equal to the wt. indices of an aircraft generator plant of equal power 
consisting of an alternator and differential — hydraulic drive. But 
the efficiency of the proposed system is considerably greater. 


Distribution of reactive power between the 
first machine and the single-armature converter 


The foregoing equations 7-9 and 12-14 and the curves in Figs. 3 and 

4 define the relative active a.c. powers of the first machine and the 
single-armature converter as well as the relative output of the 
restraint generator. The active power can be delivered into the net- 
work either from the first machine of the element or from the single- 
armature converter. The relationship between the reactive powers of 
the first machine and single-armature converter when an automatic 
voltage regulator VR is present (see Fig. 2) depends wpon the degree of 
excitation of the converter. At rated converter excitation (cos @ = 1) 
-active power only comes into the network from the first machine of the 
unit. If there is under-excitation, the single-armature converter is a 
consumer of reactive power, but if there is over-excitation it delivers 
active power into the network partially unloading the first machine. 


If a.c. is being generated it is advisable to change the excitation 
of the single-armature converter in such a way that it delivers a cer- 
tain reactive power into the network at low speeds of the primary motor 
when its active output is low. 


With an increase in active load on the single-armature converter at 
high speeds of the primary motor the reactive power from the converter 
must gradually decline to zero owing to the weakening of its excitation. 
In this case the necessary reactive power will come in an ever increas- 
ing extent from the first machine of the unit, the active power of which 
‘decreases with increasing speed of the primary motor, as will be seen 

from Fig. 4, 


The excitation of the single-armature converter can be changed auto- 
matically as required by mixed excitation with counter connexion of its 
parallel and series windings, 


284 A new system of generating a.c. 


Test results 


In order to check the operating characteristics, dynamic properties 
and weight indices of the system, an experimental equipment was produced 
on the basis of the batch produced SGS-7.5 type aircraft alternators. 


The restraint generator was a SGS-7.5 alternator with 6 slip rings 
on the shaft so that the armature winding could be changed from star to 
delta and back by a 2-position contactor. In place of the single- 
armature converter use was made of an aircraft cascade converter of the 
PK-750 type which was reconstructed as a three phase converter with a 
line voltage of 120 V and a maximum output to 1000 VA at collector 
voltage of 28 Vv. The electrical power of the restraint generator was 
transmitted into the d.c. network and armature circuit of the converter 
via VG-50 type germanium rectifiers. 


Fig. 5. Test curves of prototype system in a.c. 
and d.c. generation at 400 c/s and 120 V. 


The load of the unit did not exceed 30% of its theoretical output 
owing to the lack of a suitable cooling system. 


Fig. 5 shows the static characteristics of the experimental generator 
plant for the case of simultaneous generation of a.c. and d.c.. 


In order to investigate the dynamic properties of the system a 
prototype system was assembled consisting of the two machines described 
above, a 3-phase cascade converter, a 2-position contactor and two 
angle regulators. The electrical connexion of the machines and regu- 
lators differed from the system shown in Fig. 2 in that measuring 
devices and a three phase 2-position contactor were included to provide 
for changeover of the armature winding of the restraint generator. 
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The control winding of the frequency regulator was supplied from a 
tuned circuit via a magnetic amplifier, whilst the excitation winding 
of the first machine was supplied from a direct or constant source. 
Oscillograms of transient behaviour in the system are shown in Figs. 
6-9. 
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Fig. 6. Oscillograms of transient phenomena in system on dis- 
connecting an a.c. load: 
: 1 — line voltage of network 120 V, 400 c/s; 2 - phase current 
of first machine in the unit (initial value 2.8 A); 3 — phase 
current of cascade converter (initial value 2.8 A); 4 - vol- 


tage of d.c. network (initial value 24 V); rotational speed of 
primary motor (ny = 5300 rev/min); 6 - zero line; 7 -d.c. 
given off by converter; 8 — time indication (50 c/s). 
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Fig. 7. Oscillograms of transient phenomena in 
system on connecting an a.c. load: 
(Legend as in Fig.6) 


The switching of the restraint generator’s armature winding is 
accompanied by an instantaneous change in the collector voltage and 
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converter currents, but this has no practical effect on the frequency 
and the magnitude of the a.c. network voltage. Unlike Figs. 6 and 7, 
the second sine curve from the top in Figs. 8 and 9 shows the load 
current of the network, whilst the frequency of the time indicator is — 
500 c/s. 


Conclusions 


1. The proposed system of simultaneously generating d.c. and stable 
frequency a.c. widely different running speeds of the primary motor can 
be used for generating both types of current as well as for generating 
a.c. alone. 


2. The proposed system is more efficient and lighter in weight per 
unit of output than other similar systems. 
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Fig. 8. Oscillograms of transient phenomena in system when changing 
the armature winding of restraint generator from star to delta. 
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Fig. 9. Oscillograms of transient phenomena in system when changing 
the armature winding from delta to star. 
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3. Tests results of a prototype system are in full agreement with 


theoretical data and testify to the good stability obtained during 
transient conditions. 


4. The proposed system can be used in all cases when it is necessary 


to generate stable frequency a.c. at different speeds of the primary 
motor. 


1. 


Translated by O.M. Blunn 
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A HIGH-SPEED ELECTRO-DYNAMIC CIRCUIT BREAKER* 
yu.G. KOMAROV 
(Leningrad) 


(Received 31 December 1960) 


The electrical industry now has to face the problem of producing 
high speed switchgear capable of limiting short-circuit currents of 
over 100 kA in large low-voltage networks with a build-up rate of 3 
several tens of millions of amperes per second. The necessary switch-— 
gear must. be designed for rated currents up to 10 kA and higher, and 
should be as small and quick-acting as possible. In this paper a des- 
cription is given of experimental circuit breakers which have been 
developed on the basis of previous patents [1, 2]. 


A simple type of breaker is illustrated in Fig. 1. The two short 
traverses 14 and 2 form a narrow loop in the main circuit. Contacts 3 
are disposed on the ends of the traverse. Traverse 2 is fixed, but 
traverse 14 is secured by a current-conducting hinge 4. The main spring 
5 creates the necessary pressure on contact 3 and 4. The breaker is 
supplied with current at points 6 and 7. 


The flow of current along the traverses gives rise to electro- 
dynamic forces which tend to open the contacts 3. It is possible to 
select the dimensions of the loop, the shape of the traverse and the 
amount of pressure on the contacts in such a way that no dangerous 
weakening of the pressure on the contacts occurs under normal condition: 
But at a definite short-circuit current the electrodynamic forces in- 
crease so much that they overcome the resistance of spring 5 and open 
contacts 3, Traverse 1 is then rotated on axle 4 and is fixed in a 
disconnected position by the stop 8. 


* Elektrichestvo, 6, 53-55, 1961. 
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Experimental breakers for rated currents of 500 and 3,000 A have been 
produced on the basis of the methods shown in Fig. 1. The 3,000 A 
breaker has been provided with arc quenching contacts. 


To determine the current limiting capacity of these breakers tests 
have been carried out on voltages of 10 to 300 V, short circuit currents 
of 13 to 100 kA and build-up current rates of (0.65 to 10) x 106 A/sec. 
Fig. 2 illustrates one of the results of the tests on the breakers with 
are quenching contacts. It will be seen from the curves in this diagram 
that the breaker limited the short-circuit current to 38 kA at a steady 
state value of the circuit current of 100 kA. By way of comparison the 
dotted line in Fig. 2 shows the short-circuit current interrupted in the 
same circuit by a “universal” circuit breaker. 


Tests with identical circuit parameters have shown that the proposed 
type of breaker is highly stable as regards the limitation of short- 
circuit currents. The average fundamental opening time of the breaker 
did not exceed 2 x 1072 sec. Curves for the movement of the breaker’s 
traverses were also determined during the tests. One such curve h=f(t) 
is shown in Fig. 3. The fundamental opening time ty is plotted along 
the base and the arc quenching time t, is also plotted there. This 
makes it possible to determine the motion of the traverse at different 
stages. 


eects 


However, despite the advantages of this simple system, they have a 
number of short-comings. The contacts may stick if the short-circuit 
currents are small, with natural cooling the load does not exceed 5000 A 
and the system is sensitive to vibration. 


To eliminate these shortcomings a new type of breaker was developed 
using the system illustrated in Fig. 4. The traverses 1 and 2 of this 
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breaker were water-cooled. Sectional main contacts 3 and arc quenching 
contacts 4 were fixed at the end of the traverse. Traverse 1 Was 
balanced about axle 5 of the current conducting hinge. The main springs 
6 provided the necessary pressure on contacts 3 and 5, The current is 
supplied to conductors 7. The breaker has an auxiliary disconnecting 
mechanism consisting of a free release device which is secured on 

shafts g and 9, an electromagnetic release arrangement 10, feedback 11 
and a vibration plate 12. The axle 13 which is secured to traverse 1, 
passes through a slot in the plate 12. 


t= @Q08sec 
Big. a2 


The device operates (closes) when the interrupting roller 14 rotates 
16°. The roller can be rotated from the release arrangement 10, and 
through feedback 11 when moved by the electrodynamic forces of traverse 
1, The main springs 6 are secured at one end to traverse 1, and at the 
other to lever 15 which is secured on shaft 9. This was arranged in 
order to use the energy of the spring to accelerate the operation 
(closing) of the auxiliary device. Return springs are attached to 
lever 15. These springs accelerate the rotation of shaft 9 when the 
auxiliary device operates (closes). 


At small short-circuit currents which only cause small divergences 
of the traverse, the auxiliary device operates via feedback 141 or the 
release arrangement 10, and opens the contacts of the breaker and 
sticking is thereby prevented. 


The breaker is only tripped by the release arrangement at currents 
which are close to the setting of the release arrangement 10. 


At the first instant when the traverse begins to move the auxiliary 
device continues to remain in the “on” position and shaft 9 and plate 12 
are fixed. When the main contacts have parted 2 to 3 mm the operation 
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of the auxiliary device takes place via feedback 11. In this case the 

release 10 also operates and affects roller 14. The effect of springs 

6 and 16 is then to rotate 9 in a clockwise direction, plate 12 is 

shifted upwards, the movement of the traverse is accelerated and this 

fixed in the “off” position so that current limitation is effective and 
' reclosure of the contacts is prevented. 


Remote disconnection of the breaker is possible via the interrupting 
release arrangement which acts on roller 14; remote connection can be 
carried out by a pneumatic drive, for instance, acting on shaft §. A 
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prototype breaker of 5000 A and 320 V has been made and tested on the 
system illustrated in Fig. 4. The setting of the release arrangement 
was 10,000 A. The dynamic setting which can be defined by the begin- 
ning of movement by the traverse, corresponds to 20 to 25 kA. Natural, 
or water cooling can be used depending upon the rated current of the 
circuit breaker. The moving parts of the breaker can be unbalanced in 
individual cases in use, 


Fig. 5 shows an oscillogram of the breaking current with this kind of 
breaker in a circuit with a steady state value of the short-circuit 
equal to 133.2kA, at a build-up current rate of 10.6 x 106 A/set and a 
voltage of 310 V.. It will be seen from the oscillogram, that the 
breaker limited a current up to 53 kA. No sticking of the contacts 
occurred at current values close to the dynamic setting or because of 
the vibration at currents of 5 to 10 kA. Under current limiting con- 
ditions the fundamental opening time did not exceed 1m sec. The operat- 
ing (closing) time of the breaker at over load currents was between 12 
and 18 m sec depending on the value of the current to be tripped. Ata 
load of 10 kA and a pressure on the main contacts of 30 kg the over- 
heating of the main contacts of the test breaker do not exceed 53° C. 
Only about 150 litres of water were consumed for cooling at 5 kA for one 
hour. The breaker weighs 45 kg and its dimensions are 262 x 515 x 765 mm. 


2.0498 s3ec 


Fig. 5 


The conclusion can be drawn from the tests that these experimental 
breakers can be used to develop actual production models. 


Translated by O.M. Blunn 


1. 
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A METHOD OF DETERMINING THE LEAKAGE 
INDUCTANCE OF STATOR WINDINGS 
IN LARGE A.C. MACHINES WITHOUT 
THE ROTOR “OUT’’* 


R.R. PARTS 
(Tallin) 


(Received 18 June 1960) 


The method of taking out the rotor is recommended by many authors 
for determining the inductive reactance of the stator windings L1,2,3]. 
The essence of this method is as follows. 


A voltage of 3-phase current is supplied from an extraneous Source 
at rated frequency to the stator. Having measured the phase voltages 
U. and current J. it is possible to obtain with a known phase resistance 
of the stator winding the inductive reactance 


Up 2 9 
Sa a i pals (al) 


where xy is the inductive reactance of the stator winding, and Xscoh the 
inductive reactance due to the magnetic flux within the stator air gap 
(Schenkel’s correction). 


This method was first put forward by M. Schenkel [1]. The term X och 
is therefore known py some authors as Schenkel’s correction. In order 
to avoid measuring the magnetic flux inside the stator gap on every 
occasion, on the assumption that the inductive reactance ~sch is due to 
the main magnetic flux, the following formula has been recommended by 
various authors [1, 2, 3]. 


* Elektrichestvo, 6, 88-90, 1961. 
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where f is the mains frequency, l, the length of the stator, aT the 
number of turns in the stator winding phase, kay the winding coeffi- 
cient for the main harmonic, p the number of pole pairs and A a coeffi- 
cient equal to 13.75 in Schenkel’s article [1] and 15.1 in the article 
by Piotrovskii and Efremov [2]. 


Assuming that only the main magnetic field is present, as does 
Richter [4], the coefficient A = 15.079. The different values of the 
coefficient A are explainable by the accuracy of the calculations. The 
coefficient A = 13.75 was obtained by Schenkel as a result of arti- 
ficially determining the mean amplitude of the first harmonic of the 
m.m. f, 


Even though the removing of the rotor is a simple method, it has 
still not been recognized as a suitable method for determining the 
inductive reactance of the stator winding, since under rated conditions 
in the synchronous or asynchronous state the inductive reactance x4 is 
clearly different from that determined by tests (by the method of rotor 
withdrawn) where the value (x4 + Xson) — Xgon: 


In order to find the reasons for this discrepancy, the author has 
tested an A52-4 220/380 V induction motor (able 1). 


TABLE 1 


Schenkel’s correction Xsch (second column of Table 1) was calculated 
by formula (2) for A = 15.79. The inductive reactance of the stator 
winding (x Ft Xeon) — Xoon (third column of Table 1) was obtained with 
the rotor “out’’ . The inductive reactance of the stator winding x 
(fourth column of Table 1) was determined by the new method developed in 
the U.S.S.R. at the VNIIEM. If use is made of this method for calculat- 
ing the operating characteristics of the motor, it can be seen that it 
corresponds to reality unlike the results obtained by Schenkel’s method 
with the rot * out. 
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This circumstance is evidence of the fact that the distribution of 
the magnetic induction on the pole pitch is markedly different from a 
fundamental sinusoid with the rotor out. 


When taking the curve for the distribution of the radial component 
of magnetic induction by oscillographing the e.m.f. in a rotating 
measuring coil with a diametral pitch at an instant when the current has 
its amplitudinal value in one phase, it was thereby confirmed that 
higher 3-dimensional harmonics were present [1] on the pole pitch with 
the rotor out. 


When taking the curve for the distribution of the radial component 
of the magnetic induction in one section (Fig. 2) of the four-pole 
stator in an A 52-4 type motor by oscillographing, it was established 
that the magnetic induction varies practically along the inclined 
straight line above the slit in the semi-closed slot. Therefore, in 
the case of an induction motor it is advisable to proceed from the m.m., f:; 
of the linear sectional sides of the sections on the surface of the 
stator instead of from points [5]. 


For a single phase winding with a linear sectional side, the m.m.f. 
on the pole piteh f, is characterized by the expression 


at 


‘pb 4V¥2 1,9 k fee 1)? (ae w 


m2 nb y2 
7) (3) 


ee a nt 
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mcr e Io is the current in the turn, w, the number of turns in the 
section, q the number of slots per pole and phase, v the order of the 
three dimensional harmonic, 6 the width of a linear sectional side, 7+ 
the pole pitch, x the transient coordinate along the base with an origin 


in the middle of the pole, w the angular frequency of the network, and 
t the time. 
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In its more general form the curve for the radial component of 
magnetic induction on the pole pitch is characterized by the expression 


B=| B, cost x4 B,cos 32 xf... ii 
+B, cosy 5 x| cos wf, 


whilst the magnetic flux through the pole pitch equals: 


fee %, cos wf, (5) 


where 
v—1 


2 1 
®=(—1)? =—B,4, 


is the higher three dimensional harmonic of magnetic flux, and 
W = Ow koe, is the flux coupling. 


For a single phase winding the effective value of the e.m.f. will be 


1 Bsz Rows 
Ea ES | 222. OW: 
ae ‘| rp get 
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et pahy ae | 
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where 
E,=4fB, 711,021. 


Dividing expression (6) by the magnetization current, 
ely 
Xmn0 ale “no at 


y—l 
E; hl a Bsy Fowy (7) 
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v3, 


where x, is the fundamental inductive reactance of the single phase 


winding and Xho the inductive reactance of single phase winding due to 
the higher three dimensional harmonics. 


In accordance with form!» (7) the expression for the inductive 
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reactance Xho Can be written in the form 


—. < i! Bs, Rowy 
Ayo Fen [HD T' By |. (8) 
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For a symmetrical multi-pnase winding the inductive reactance a due 
to the higher three dimensional harmonics equals 


v—1 
ee) k 
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where Xn is the inductive reactance of the multi-phase winding due to 
the main magnetic field. 


It will be seen from expressions (8) and (9) that to determine the 
inductive reactance of the higher three dimensional harmonics with 
known winding coefficients, it is sufficient to know the ratio of the 
amplitude of the magnetic induction of the higher three dimensional 
harmonic to the amplitude of magnetic induction of the fundamental 
harmonic, and to know the sign of the ratio in question. 


Fig. 2. 


It can be seen that this is true for a symmetrical 3-phase winding 
with a whole number of slots per pole and phase when the curve for the 
magnetic induction on the pole pitch is a replica of the mm.f. curve 
[6, page 1 24]. Expression (9) then takes the form 


legen 
=n eg (10) 
Wheresva— 5. 7, 11, 13) vues 
It should be pointed out that x, can be calculated by formula (10) by 
means of curves showing the relationship between the sum of the resis- 


tances and the number of slots per pole and phase [4 et al] 


Using expression (3), the amplitude of the harmonic m.m.f. of a 
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multiphase winding per pair of poles equals 
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With the rotor out the expression for the tangential component of 
the magnetic field intensity of the higher 3-dimensional harmonic can 
be represented in the form: 


R \yp-! ; 
H,.=— ee) sin vp¢, (13) 


whilst the mm.f. of the higher 3-dimensional harmonic between the 
middles of two adjacent poles will be: 
vpe=0 
pent? Bs, 


si ion j Se na oa a, 


R;, (14) 
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where R, is the radius of the internal surface of the stator stamping, 
pg the magnetic permeability of the air and R, » are transient cylin- 
drical coordinates. 


Hence it follows: 


i, Bs, 
F, VB (15) 
From (12) and (15): 
. é b I 
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and consequently, with the rotor out the inductive reactance due to the 
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high 3-dimensional harmonics equals 


; uae 6 
he, sin a Dy 

xy =, ape = b . (17) 
ow | sin puch 4 


It should be pointed out that some authors consider that the reac- 
tance x, found in this way is “static”. The inductive reactance due to 
the main magnetic field equals 


2 
Amo Row Ty! pho 
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where kp is a coefficient of saturation practically equal to unity. 
ike 


Since the inductive reactance due to the higher 3-dimensional har- 
monics varies greatly as a fynction of the design of the rotor, it is 
therefore of interest to establish how accurately the withdrawn rotor 
method permits the determination of the inductive reactance of the 
stator which is in effect the sum of the inductive reactance of the 
slot X15 and face Xi¢ parts. 


From test results on an A 52-4 type motor 


Xig + Xp = eta (2 \enegan tage +4) = 
= 2.934 — (ual ate 1.207 2, 


where %,, and Xn have been found from expressions (17) and (18). Accord- 
ing to the proposed Russian method x), + %*,¢ = 1.205 2. Thus the test 
results are almost the same as the calculations in this case. 


Conclusions 


The leakage of the stator with the rotor out is not the same as the 
leakage in normal operation under synchronous or asynchronous conditions. 
This occurs particularly in induction machines where the differential 
leakage depends on the type of rotor circuit, saturation, the air gap, 
the bevel of the rotor slots and so on. 


The numerical value of the inductive reactance for stator leakage 
with the rotor in will only be the same as its value with the rotor out 


in 
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particular cases, 


Translated by OM. Blinn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.6, 1961 


Leading article 


A new era in the history of humanity. V.V. Dobronravov, 
(pp. 1-4). 


A tribute is paid to all persons associated with Gagarin’s flight in 
space. The Significance of the achievement is then considered in 
general terms. 


Amplifiers 


Operation of a full-wave d.c. magnetic amplifier. 
R.A, Lipman et al., (pp. 74-78). 


A new type of push-pull d.c. magnetic amplifier is described which 
it is claimed has a highly efficient performance. 


A magneto-transistor power amplifier with a differentially 
connected load. M.E. Poiurovskii, (pp. 56-58). 


A short description is given of a push-pull magneto-transistor power 
amplifier in which the transistors act as switches. Pulse-width 
modulation of the output signal is effected by a transformer with a 
core having a rectangular hysteresis loop. 


Control engineering 


Using critical generator self-excitation in closed motor- 
generator sets. V.I. Kliuchev, (pp. 26-32). 


The author considers the use of negative voltage feedback from the 
generator in the state of critical self-excitation in order to im- 


prove the dynamic behaviour of amplifier-controlled motor -generator 
sets and make them more compact. 
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Dynamic self-regulation of multi-motor drives in paper- 
making plant. G.M. Levin, (pp. 49-53). 


A graphical-analytical method is proposed for determining those 
dynamic properties of motor drives which will keep the tension of 
the paper within specified limits in paper-making plant. 


Ignitrons 


An electromagnetic ignition system for ignitrons. 
Yu. A. Shmain et al., (pp. 61-65). 


An account is given of the research into the ignition systems of 
ignitrons at the All-Union Power Research Institute. A method has 
been developed for analysing the operation of electromagnetic pulse 
generators with a variable load impedance. 


Power systems 


A statistical appraisal of urban network operation. 
B.V. Gnedenko, et al., (pp. 71-74). 


The authors confine themselves to the implications of using proba- 
bility methods to assess the operating conditions of low voltage 
mains. 


Increasing the steady state stability limit by regulating 
the d.c. transmission. V.G. Novitskii, (pp. 58-61). 


The limit of static stability in the transmission of a.c. can be 
increased by automatically varying the static characteristics of 
the rectifiers. Here the transmission of d.c. is regulated in 
accordance with the parameters of the a.c. system. 


Deformation of the waves in a multi-conductor line due to 
the earth and conductor resistance. M.V. Kostenko, (pp. 5-10). 


A practical method is proposed for calculating the distortion of the 
wave in multi-wire overhead transmission lines. An approximate 
solution is obtained in terms of tabulated time functions which take 
into account balancing currents and earth losses. An accuracy to 
within 15% is claimed over a 10 km stretch of line. 


Estimating the effect of meteorological conditions on the 
electrical strength of external insulatiom. N.N. Beliakov 
et al., (pp. 20-26). 


Two correcting coefficients are produced which it is claimed 
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characterize the electrical strength of all types of external in 
sulation. From tests it has been established that these coeffi- 
cients define meterological conditions and altitude with different 
probabilities. These relationships can be used in the design of the 
external insulation of distribution gear and high voltage trans- 
mission lines. 


Rotuting machines 


A method of studying steady state fault currents in a 
self-excited alternator. D.V. Vilesov et al., (pp. 45-49). 


A new method is proposed for calculating the steady state short 
circuit current in an independent alternator system. The results 
are used to determine the transfer and super-transfer components of 
the short circuit current more accurately. 


The voltage of a self-excited alternator with a suddenly 
applied load. MI. Aliab’ev, (pp. 79-82). 


An analysis is made of the equations of an idealized self-excited 
alternator with an automatic voltage control system. 


Traction 


Special operating conditions of power systems supplying 
a.c. electric locomotives. N,A. Mel’nikov et al., (pp. 10-15). 


A statistical method is proposed for estimating the operating con- 
ditions of electrical equipment used on very long stretches of rail- 
way line to supply a.c. electric locomotives. 


The effect of external voltage surges on fi60 type electric 
locomotives. M,N. Novikov, (pp. 15-20). 


An account is given of the research carried out at the Institute of 
Railway Engineers in Leningrad to establish the effect of external 
voltage surges on the insulation of gear used in the large H60 loco- 
motive’s low voltage transformer circuit. 


Transformers 


Some special characteristics of transformer insulation. 
G. Slovikovski, Warsaw, (pp. 82-87). 


A study is made of the factors affecting a certain ratio r /T15 
which is used to define the electrical characteristics of transforme 
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insulation. Here 60 is the resistance 6U sec after connecting the 
transformer and ris that after 15 sec. The use of this criterion is 
considered for service tests and final factory tests. 


An approximate method of calculating overvoltages across 
the secondary windings of current transformers. 
Ya.S. Gel’fand, (pp. 66-71). 


The proposed method is based on the approximation of the actual 
e.m.f. curve for the open secondary winding of the current trans- 
former without losses by triangular pulses of alternate polarity with 
a large mark space ratio. The resulting curve is expanded into a 
Fourier series and the effect of losses and the load on the amplitudc 
and phase of the individual harmonic components is then taken into 
account. Subsequent summation gives the required voltage amplitude 
across the secondary winding. 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.7, 1961 


Leading article 
To new achievements in the development of Soviet science. 
(pp. 1-6). 
An account is given of a recent conference which was held in the 
Kremlin to discuss the future development of Soviet science. 
Development work, applied research and fundamental research was 
discussed. 


Capacitors 


Determining the initial conditions for sudden changes in 
voltages and currents. I.A, Zaitsev et al., (pp. 52-55). 


A contribution is made to the determination of initial conditions 
when sudden changes occur in the currents in inductances or voltages 
across capacitors. Simple schemes are obtained by analysing commu- 
tation behaviour which make it possible to determine the initial 
conditions for sudden changes in voltages and currents quickly. 


Determining the reactive power in capacitors, N.1I, Nazarov 
et al. (pp. 55-59). 


It is considered that the specific dissipating surface of a capacitor 
varies with the shape of the housing and its dimensions. For a given 
volume, the dissipating surface is maximum for a rectangular paralle- 
lepiped with the minimum permissible width of base. The reactive 
power of the capacitor unit depends on the design of the capacitor 

as well as the physical characteristics of the material. 
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Control engineering 


Joint selection of the moter criteria and the gear ratio. 
D. A. Popov, (pp. 63-67). 


A study is made of the problems connected with choosing the optimum 
gear ratio for an electric drive under starting conditions when the 
torque of the motor and the moment of mechanical resistance of the 
drive device are constant. The study is made from the point of 
view of minimizing weight. 


Use of the phase plane method for studying transient mechani- 
cal behaviour in electric drives. L.I. Gandzha, (pp.68-72). 


Phase diagrams of transient behaviour are constructed from an 
analysis of the equation of motion of the drive for the various 
possible types of load. 


The use of saturable reactors to prevent variation in the 
torque of induction motors due to transient currents. 
M. M. Sokolov, (pp. 72 ~75). 


An account is given of tests on electric drives with induction 
motors and saturable reactors which show that a smooth increase in 
motor torque and speed can be obtained on starting and reversing. 
The connexion of saturable reactors in the stator circuit only in- 
creases acceleration time slightly. Acceleration time depends on 
the magnetization current of the reactor. 


A freguency-controlled drive for a horizontal planing machine. 
D.A. Zavalishin et al., (pp. 75-79). 


It is argued that the best frequency-controlled asynchronous drive 
system for horizontal planing machines is one with a compensated 
collector generator excited on the stator side. A detailed account 
is given of a prototype systen. 


Elimination of zones of insensitivity in ferromagnetic pickups 
and amplifiers. B.K. Karpenko, (pp. 84-86). 


A cheap and effective way of eliminating dead bands in pick-ups and 
amplifiers with ferromagnetic cores is proposed by the use of an 
additional magnetic circuit. 
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Magnetism 


The permeance of magnetic circuits with teeth, Yu.S. Rusin, 
(pp. 59 -63) Py 


Owing to the considerable leakage flux in magnetic circuits with 
teeth, the author proposes an approximate estimate of permeance 

which is based on a particular idealization of the field of the 
system. The space surrounding the pole ends is divided into separate 
regions and, depending on the shape of the poles, the field between 
the faces is studied separately from that between the ribs. The 

type of magnetic circuit in question is illustrated in a diagram. 


Power sys tems 


Long-distance power transmission with d.c. magnetized reactor- 
transformers and forced capacitor banks. D.I. Azar’ev, (pp. 24-30). 


The cost of transmission can be reduced by combining a transformer 
with an automatically-controlled high-voltage reactor in a high-speed 
unit which is capable of reducing overvoltages and increasing carry- 
ing capacity. The magnetic system of the reactor is split into 
parallel branches which are magnetized by d.c. in such a way that 

the fluxes in the branches are in opposite directions, 


Automatic equipment for power system continuity. 
I.A. Syromiatnikov, (pp. 18-24). 


The author considers the main automatic Soviet equipment available 
for improving the reliability of power system operation, namely, 
excitation regulators, frequency unloading devices, reserve supply 
auxiliaries, automatic reclosure, starting devices which react to 


the rate of change in voltage and a hydraulic differentiator for 
turbine steam. 


Zero sequence equivalent networks for transmission lines with 
different voltages. N.G. Geinin, (pp. 79-81). 


It is shown how to compile a zero sequence equivalent network which 
includes the mutual inductance between two or several transmission 
lines when each of the nearby lines is of a different voltage. 


Rotating machines 


The effect of excitation systems on the stability of large 
interconnected turbo-generators. \.M. Bobrov et al., (pp. 7-13). 


A study is made of the stability of large turbo-generators with 
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different systems of excitation. The use of electrodynamic model - 
ling has made it possible to use natural excitation regulators, find 
their optimum adjustment and study electromechanical phenomena during 
transient behaviour. 


Artificial damping in large synchronous machines. I.D. Urusov 
et al., (pp. 13-18). 


Instead of increasing the flywheel mass, it is proposed to use a 
system of artificial damping to reduce the oscillation of synchro- 
nous machines with a pulsating load. Artificial damping is based on 
the creation of an additional electromagnetic rotational torque on 
the shaft by introducing additional periodic currents in the rotor 
circuits. The theory of the method is given along with test results. 


Analysis of dynamic stability with the effect of damper 
windings, speed governers and excitation included. K.I. Bogatev, 
(pp. 31-34). 

A refinement to the method of successive intervals is proposed which 
makes it possible to include the effect of damper windings, speed 
governors and excitation when an analytical estimate of dynamic 
stability is required for synchronous alternators. 


Experimental determination of the m.m.f. of the armature con- 
mutation reaction in d.c. machines. V.A. Lifanov, (pp.81-84). 
A method is proposed which dispenses with calculated data in the 
determination of the mm.f. of the armature commutation reaction by 
a Hall e.m.f. transducer. 


Traction 
Reduction of wheel-spin on electric locomotives. B.P. Petrov, 
(pp. 35-41). 


A study is made of the factors affecting high adhesion factors for 
electric locomotives. Recommendations are made for automatically 
stopping wheel spin. 


Transformers 
Problems of voltage regulation in auto-transformers. A.G. Kraiz, 
(pp. 41 ~48). 
A method is described for comparing different systems of voltage 


regulation for large auto-transformers using the typical power of 
auto-transformers, A refined method of analysis is proposed for the 
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system of regulation in the neutral of the auto-transformer. It 

can be used to specify the limits of regulation with over- or under- 
excitation. A short description is given of a new 220 kV auto- 
transformer with built-in apparatus for regulating the voltage. 


Voltage stabilizers 


Ferroresonant voltage stabilizers using magnetic material 
with a rectangular characteristic. D.I. Bogdanov, (pp.48-51). 


A theoretical study is made of the phenomena associated with the 
operation under load:of ferroresonant voltage stabilizers in which 
the saturable core is made of cold-rolled steel or magnetic alloy 
with a high coefficient of rectangularity. 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 8, 1961 


Computers 


Electronic simulation of electrical circuits, V.G. Vasil’ ev 
et al., (pp.41-45). 


Certain aspects of the simulation of R, L and C circuits are con- 
-sidered on the basis of a simple example. The rules of the “dual 
circuit” method of analysis are formulated. An electrical circuit 
with one voltage source is simulated without forming equations for 
the circuit or the model. A minimum of amplifiers and integrating 
elements is required. ~ 


Regulation of the excitation of twe synclironous machines 
operating in perallel, G.V. Mikhnevich et al., (pp.31-35). 


An analogue computer method is proposed for determining the optimum 
structure of the control signals with respect.to their derivatives 
and assessing their effect on a coefficient of regulation for the 
excitation of two synchronous machines operating in parallel. The 
results for generators at the Stalingrad hydro-electric station are 
given hy way of illustration, 


Control engineering 


The motor drive of a reversible cold rolling mill, I.M. Tolmach 
et al., (pp.79-81). 


An account is given of the motor drive which has been installed on a 
four-roll mill for low and medium carbon steel strip up to $00 mm 
wide with reduction from 3 to 0,2 mm in up to nine passes. The drive 
features the use of e.m.f. and current regulators to maintain rolling 
tension. 


Measuring amplifiers for centralized automatic control systens, 
R,R. Kharchenko et al., (pp.7-13). 


Attention is concentrated on those d.c. measuring amplifiers which 
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are used to convert the signals of pick-ups in group data-processing 
circuits. The authors review six types of system covering the 
combined transmission of the amplified signal without a device for 
correcting zero drift, and wideband amplifiers with a device for 
correcting zero drift. 


Electrical steel 


The properties of 1 mm cold rolled electrical steel, 
A.I. Beliakov et al., (pp. 82-83). 


A short account is given of the properties of the 1 mm gauge cold- 
rolled grain-oriented steel for the poles of d.c. electrical 
machines now being produced in Novosibirsk. 


Insulation 


Interdependence of the physical properties of organic and 
inorganic polymers, N.I. Vorob’ev et al., (DP. 76-78). 


To simplify the problem of investigating the large number of 
polymers which are available, the author takes the magnitude of the 
inter-molecular forces as the main criterion defining the physical 
properties of many polymer substances. 


The dielectric permeability and tangent of the loss angle for 
paper dielectrics, S.K. Medvedev, (pp. 66-72). 


Formulae are produced for calculating €, tan 6 and other charac- 
teristics of paper on the basis of the actual structure of the paper 
on the assumption that the relative thickness of the cellulose in 
the space between the layers varies between 0 and 1 according to a 


certain law. The pores are assumed to be in series in each indivi- 
dual volume of cellulose. 


Power systems 


Determining optimum operating conditions for power systems, 
V.M. Gornshtein, (pp. 19-24). 


A study is made of common errors which are said to be made in the 
economic analysis of power system analysis. 


Tuned power transmission systems, V.K. Shcherbakov, (pp. 25-30). 


It is stated that theory and laboratory investigations indicate 
that half-wave tuned transmission lines of 2000 and 2500 km can 
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ensure: high steady state stability and relative voltage stability 
at line ends. The author disputes the reasons which have been given 
for not using this system and advocates its use on the grounds of 
efficiency and the possibility of intermediate off-take of power 
along the line. 


Rotating Machines 
Turbo-generators of large unit capacity, V.V. Titov, (pp.1-4). 


A short account is given of the work which has been done at the 
Electrosila works in the U.S.S.R. on the development of 300 and 

500 MW turbo-generators. The new 300 MW generators are described 
and it is stated that 500 MW generators can be made on the same 
principles when the demand arises. Extremely high efficiency is 
claimed and it is an interesting paper. Unfortunately, this account 
does not explain how the efficiency is achieved or how it is calcu- 
lated and some of th main features have their counterpart in recent 
American, Swiss and British innovations. 


The problems of developing new small and F.H.P. motors, 
N.P. Ermolin, (pp. 4-7). 


This paper classifies the problems involved in the development of 
small and f.h.p. motors into those which are common to all types of 
such motor and those which are special for particular applications. 
The main purpose of the article is to draw attention to the need 
for keeping State Standards up to date and co-ordinating research. 


New 100 kW amplidynes, B.F. Tokarev et al., (pp. 14-18). 


Two new types of amplidyne are to be produced in the U.S.S.R., 
namely, three-stage amplidynes with a longitudinal field, and multi- 
pole amplidynes with a transverse field (four and eight poles) with 
increased magnetization of the winding along the transverse axis or 
with additional poles along the longitudinal and transverse axes. 
The equipment is compared and the respective merits assessed. 


A new principle of obtaining constant advance times in 
automatic synchronizers, N.N, Vostroknutov et al., (pp.35-40). 


In this article the synchronizers are defined as devices which 
select the angle of lead and stop action if the amount of slip is 
too large. A new approach to the design of the time advance ele- 
ments of such synchronizers is proposed in which the angle of lead 
is directly converted into a proportional d.c. voltage. This 
provides the possibility of twice-differentiating this voltage, as 
required for considering acceleration of slip. A detailed account 
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is given of a device for the exact synchronization of generators. 


A two-motor machine-valve stage with semiconductor rectifiers, 
M.G. Chilikin et al., (pp. 50-56). 


An appraisal is made of the advantages of replacing one large slip 
ring motor by two smaller motors of the same total power in high 
speed drives of 1000 to 10,000 kW and 5000-7000 rev/min. In the 
proposed system the slip energy is converted by semiconductor diodes 
and it then passes into the network. 


Calculation of the steady state errors in speed governors for 
d.c. motors, S.S. Roizen, (pp. 56-62). 


Two fundamental methods of speed control for d.c. motors are con- 
sidered with a view to determining the accuracy with which speed 
governors operate in the automatically controlled drives of rolling ~ 
mills and lathes etc. Formulae are produced for calculating the 
degree of error under steady state conditions. 


A study of the e.m.f. induced in electrical machines using 
an electrolytic tank, K.S. Demirchian ¢t al., (pp. 62-66). 


In the proposed method the model of the rotor is fixed on a plate 
which slides along the bottom of the tank. A layer of yaseline is 
placed between the bottom of the tank and the plate to keep out the ~ 
electrolyte and reduce friction. The model of the stator is secured 
to a fixed plate. In order to determine the potential differences — 
accurately, the linear displacement of the rotor is measured and not 
the angle of rotation. 


Switchgear 


The measurement of large transient currents, V.D. Liashenko, 
(pp. 46-50) ° 


In short-circuit tests on switchgear it has been possible to com- 
bine the advantages of shunts and current transtormers in the 
measurement of the large transient currents which arise. The 
Switchgear Laboratory of the All-Union Electrical Engineering Insti-. 
tute has developed a successful method of measurement with air-cored 
current transformers using 4 toroidal core with a high- impedance 
winding, a d.c. amplifier with an integrating capacitance at the 
input and an electromagnetic oscillograph vibrator. 


The leader stage of a spark discharge, v.P. Larionov, (pp. 72-76). 
The author develops the notion of a leader stage in spark discharges 
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in long air gaps which precedes the main discharge and forms a 
leader channel between the electrodes. The mean longitudinal 
potential channel between the electrodes. The mean longitudinal 
potential gradients in the leader channel are determined along with 
the conductance of the leader channel, the concentration of the 
electrons and the time necessary for the formation of the leader 


channel. 
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